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THE INDUCTION OF RECESSIVE LETHALS IN 
DROSOPHILA OOCYTES’ 


D. R. PARKER 
Division of Life Sciences, University of California, Riverside 


Received November 20, 1959 


ORK on recessive lethal mutation in Drosophila sperm has suggested ways 
in which chromosome breakage may be related to recessive lethal mutation. 
through position effect, deficiency, and as a direct result of breakage. 

The increase in aged oocytes of radiation-induced dominant lethals (PARKER 
1959) and of rearrangement, the slower rejoining of breaks (PARKER and Ham- 
MOND 1958), and the higher yield of deficiency and of exchange between attached- 
X and a major autosome (ParKER and McCrone 1958), suggest that the effects 
of the aging of these cells on the induction of recessive lethals by irradiation might 
throw some light on the possible relation of their induction to breakage and 
rejoining. The probability that a break will restitute, rejoin, or fail to rejoin may 
differ considerably in different stages. 


EXPERIMENTAL PROCEDURE 


Irradiation was at 100 KVP, 5 ma, with a 1 mm Aluminum filter, and a dose 
rate of 300r/minute. 

Drosophila melanogaster oocytes in stages 7 or 14 were irradiated. Virgin, wild 
type (Oregon-R) females were divided into appropriate groups for irradiation: 
those to be irradiated immediately and those to be aged before treatment. Females 
were treated either 0-12 hours after emergence (stage 7) or after aging five days 
(stage 14); the former were held for one (series 1) or two days (series 2) before 
being mated, while the latter were mated immediately after being irradiated. 
Females were mass-mated with Muller-5 (sc*! B In S w* sc*) males (series 1, 
only) or with males of a modified Muller-5 stock carrying a lethal allele of bobbed. 
and were allowed to lay eggs for 24 hours. All F, females emerging were collected 
virgin and backcrossed to the standard or the modified Muller-5 stock males. A 
culture was scored as lethal if no wild type males were included among 30 or 
more offspring in series 1, 20 or more in series 2. Where fewer offspring were 
produced, with no wild type males, heterozygous females were backcrossed for 
another generation. 

RESULTS 

The data of these experiments are summarized in Table 1. In series 1, using 

stage 7 only, the control value was found to be excessive. The Oregon-R stock 


1 This work was supported by contract AT-(40-1)-2163 of the U. S. Atomic Energy Com- 


mission with the University of Mississippi. 
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TABLE 1 


Induction of recessive lethals 








Stage Dose, No. tested No. Percentage Percentage 

Series treated r chromosomes lethal lethal induced/kr 

1 7 0 2,095 19 0.91 + .21 

1 7 1,000 2,665 48 1.80 + .26 0.89 

1 7 2,000 2,035 64 3.14 + .39 1.12 

1 7 3,000 1,045 58 $55 = 71 1.55 

1 7 4,000 756 55 7.28 + .94 1.59 

2 7 0 3,286 3 0.09. + .05 

2 7 250 3,027 9 0.30 = .10 0.84 

2 “4 500 2,593 14 0.54 + .14 0.90 

2 7 1,000 9.353 27 1.15 + 22 1.06 

2 7 2,000 1,551 39 2.51 + 40 1.21 

2 7 3,000 997 39 3.91 + .61 1.27 

2 7 4,000 887 38 4.28 + .68 1.05 

2 14 0 3,836 0 0 

2 14 125 2,650 12 0.45 = .13 3.60 

2 14 250 2,236 11 0.49 + .15 1.96 

2 14 500 1,188 13 1.09 + .30 2.18 

2 14 750 64+ 16 2.48 + .61 3.30 





was freed of lethals, and irradiations were repeated with both stages 7 and 14 
being used. With two exceptions, it was found that the “percentage induced per 
kr” increased with increasing dosage, as would be expected if there is a “two hit” 
component in the lethals in both stages. Data were fitted to linear and to second 
degree curves, with the following results: 
Series 1: 
y = 0.47 + 1.57 D (x? = 11.05, 3 d. f.) 
= 0.86 + 0.74 D + 0.23 D? (x? = 0.519, 2 d. f.) 
Series 2, stage 7: 
y = 0.04 + 1.16 D (x? = 1.25, 5 d. f.) 
(The coefficient of D? is negligible in the second-degree equation.) 
Series 2, stage 14: 
y = — 0.02 + 2.76 D (x? = 4.48, 2 df.) 
= 0.07 + 1.24 D + 2.37 D? (x? = 0.935, 1 d. f.) 
(D = dose, measured in kiloroentgens) 


DISCUSSION 


Evidence for multihit induction of some recessive lethals has been found by 
Eprncton (1957) who showed that a quadratic equation fit better than a linear 
one for frequency of X-ray lethals induced in Drosophila sperm. LinpsLeEy, 
EprncTon and von Haie (1958) found a number of position-effect lethals in 








RECESSIVE LETHALS 137 


irradiated Drosophila sperm. HersKow1Tz and ABRAHAMSON (1955) showed the 
frequency of recessive lethals in oocytes to be less when a less intense dose of 
radiation was used, and concluded that a large number were “multihit”. 

For a single set of data, a quadratic should fit better than a linear regression 
as a result only of chance deviations from a straight line. However, the coefficient 
of the squared term should as often be negative as positive, and adequate repli- 
cation of the experiment should show this. Two factors work in favor of a negative 
coefficient for D*: first, a “linear” relation would most likely be y = 1 — e*?, 
and second, heterogeneity of the sample. 

Despite precautions, there will be some heterogeneity of sensitivity of cells in 
any sample. This has been commented on for dominant lethals (PARKER 1959). 
Samples of stage 14 are contaminated with a few cells similar to stage 7. An esti- 
mate of six percent of such contamination would lead to nearly 20 percent con- 
tamination among the survivors at 750r. With fewer lethals occurring in the 
contaminating cells, progressively larger underestimates will be made as dosage 
increases. Similar contaminations of stage 7 samples may occur. 

Collectively, the evidence for “‘two hit” recessive lethals seems convincing, and 
the higher incidence of lethals in stage 14 could be due largely to these. More 
small deficiencies and position effect lethals might be predicted from the finding 
of many more deficiencies and exchanges with non-homologous chromosomes in 
stage 14. 

A comparison of doses producing equivalent damage in stage 7 to that produced 
by a given dose, 500r, in stage 14 is instructive. For dominant lethals, 5500r is 
required (Parker 1959); for detaching attached-X, 2000r (Parker and Ham- 
MOND 1958); for recessive lethals, 1000r. Many dominant lethals induced in 
stage 14 may result from failure of breaks to rejoin, and are “one hit”. The 
increase in stage 14 of rearrangements (detachments), with a higher rate of loss 
of breaks, means either nearly all breaks restitute in stage 7, and/or there is a 
higher frequency of breakage in stage 14. Were “one hit” lethals related to 
breakage, and were there no more breaks induced in stage 14 than in stage 7, one 
should find a reduction of these in stage 14 because of failure of breaks to restitute 
or rejoin eucentrically. An increase in frequency of “one hit” lethals in stage 14 
would require greater primary damage in that stage, damage that might or might 
not be breakage of chromosomes. 

The results given here cannot resolve the questions that have been raised; their 
resolution will require the demonstration of such qualitative differences as may 
exist between lethals induced in the two stages, the collection of more data on the 
relative frequencies in the two stages of chromosomal aberrations (especially 
deficiencies), and more data on the effects of treatments known to modify domi- 
nant lethal production (via changing probability of restitution?) on the produc- 
tion of recessive lethals in stage 7. The resolution of these questions is made 
difficult by our concern with two sets of uncertainties: the nature of the sensitivity 
changes in primary oocytes, and the nature of the processes giving rise to recessive 


lethals. 
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SUMMARY 


Recessive lethal induction by X-irradiation of stages 7 and 14 of primary 
oocytes of Drosophila melanogaster was studied. Stage 14 gives about a twofold 
increase in lethals over stage 7. There is evidence for the occurrence of some “two 
hit” lethals. Speculation is made on possible relations between sensitivity changes, 
breakage and rejoining, and recessive lethals. 
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A DROSOPHILA INTERSEX-TRIPLOID' 


JOHN W. GOWEN 


Department of Genetics, lowa State College, Ames, Iowa 


Received January 4, 1960 


YNANDROMORPHS and similar mosaics in Drosophila have furnished 

information on the sufficiency of a gene, chromosome or genome to control 
its phenotype when in cell-to-cell proximity with cells of other gene constitutions. 
Generally gene or chromosome actions appear limited to the cell in which they 
are contained. The exceptions appear in vermilion-like-genes which generate 
products influencing other cell phenotypes. Gynandromorphs which result from 
the loss of an X chromosome from one of the daughter cells of an early division 
of an XX type cell, designed to form the left or right side of the body, show 
distinct male characteristics on that side without influence on the female charac- 
teristics on the other side. This and other evidence indicates that, for Drosophila, 
sex hormones of the types found in mammals may not be generated .This evi- 
dence is unsatisfactory on several grounds.*? To some extent this may be due to 
the material which is used for the test. The male, X + 2A or XY -- 2A, cells 
versus the female, 2X + 2A, cells are further apart in their gene balances than 
other cells with which Drosophila has familiarized us. The intersexes with their 
2X + 3A or 2XY-+ 3A and triploids, 3X + 3A, offer cell forms which are in 
closer balance with regard to their gene content. The smaller difference between 
them should make them more susceptible to smaller differences in hormonal sub- 
stances than gynandromorphs of the customary male and female patterns. 

One representative of this new sex type appeared in the progeny of a recently 
established triploid stock derived through the use of our C3G gene. Photographs 
of this fly, together with that of its reproductive tract, are shown in Figure 1. 
The fly was divided by an anterior-posterior line which separated the halves into 
intersex on one side and triploid on the other. 

The left side was intersex with a presumed constitution of 2X + 3A chromo- 
somes. The body on this side was reduced in size from that of the normal triploid 
but was larger than that of the customary intersex. A sex comb was present on 
the left metatarsal joint as may be seen in Figure 1. This sex comb had teeth of 
characteristic size and length for intersexes but had only six teeth instead of 11, 
the customary number for intersexes, GowEN 1931; GowEN, FuNG and STADLER 
1957; GowEN and Func 1957. The eye and wing cells were large as character- 


1 Journal Paper No. J-3787 of the Iowa Agricultural and Home Economics Experiment Station, 
Ames, Iowa. Project No. 1180, 1187. This work has received assistance from Contract No. AT 
(11-1) 107 from the Atomic Energy Commission. 

2 Even in mammals hormonal influence on development of the sex organs is not clear. In man, 
and particularly in mice, (HOLLANDER, GowEN and STapLER 1956) the primary and secondary 
reproductive organs of each sex may exist together in the same animal. 
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Ficure 1.—Photographs of an intersex-triploid Drosophila. 
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istic of intersexes, The wing on the left side was reduced to 60 percent of the area 
of the triploid wing seen on the left side of the fly. The intersex wing was larger 
than wings of most intersexes. It was wrinkled as is frequently the case in inter- 
sexes. 

The right side of the fly was triploid throughout. The body size was large as 
characteristic of triploids. The large size resulted in the twisting of the body 
toward the left side. The forelegs were typically triploid in character without 
sex combs. The eyes and wing cells were large, comparable with those of triploids. 
The wing area was fully as large as that of triploids. 

The reproductive system was entirely female. Ovipositor was present. External 
genitalia were female throughout. On the left side the ovary was about half the 
size of the normal triploid ovary found on the right side. The left ovary was much 
larger than an intersex gonad with eggs at various stages of maturity as though 
it possibly was functional. The ovaries were attached to the entirely female 
reproductive duct. 

After hatching the fly was mated but remained sterile for ten days. Progeny 
were then produced; 14 diploid females, 1 triploid female, 3 male type intersexes 
and 1 intermediate type intersex. No super males or super females were observed 
but this is not unexpected since they are quite nonviable under most conditions. 
It is a little surprising that no males were observed. The diploid females, as is 
often the case in triploid matings were the most numerous class. The intersexes 
should equal the diploid females but seldom do. However, they were the next 
most numerous class. The triploid progeny bred as an ordinary triploid. The 
progeny of the intersex-triploid may all have come from eggs of the larger ovary 
on the triploid side of the fly although visually the eggs on either side appeared 
equally good. 

The development of this intersex-triploid suggests some degree of hormonal- 
like interchange between the cells which developed as the right triploid side and 
the left intersex side of the fly. The reduction in number of teeth of the left sex 
comb, the decrease in wing and body size on the same side together with the egg 
development in the but half-sized left ovary all indicate an exchange of develop- 
mental substances between the cells of the fully formed triploid right side and 


the intersex halves of the body. 


SUMMARY 


A new Drosophila sex type consisting of left side intersex and right side triploid 
bred as a triploid. Left side was: somewhat larger than typical intersex, but 
smaller than triploid; sex comb had only six teeth; eye and wing cells large as in 
intersexes, but wing only 60 percent size of triploid wing; ovary developed to 
apparently fully formed eggs but was half the size of right triploid ovary; repro- 
ductive tract was female throughout. Right side was typically triploid. The organs 
on intersex side suggest that development was influenced by substances generated 
by the triploid half of the body. 
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DIEPOXYBUTANE AS A CHEMICAL MUTAGEN IN ZEA MAYS! 
JEAN D. KREIZINGER 


Department of Plant Breeding, Cornell University, Ithaca, New York 
Received April 6, 1959 


IEPOXYBUTANE (DEB) has been used very effectively as an inducer of 

gene mutations in Neurospora (K6~mMarK 1953; K6LMaRK and Gites 1953; 
K6LMaRK and WESTERGAARD 1953; WESTERGAARD 1957), chromosome deficien- 
cies and rearrangements in Drosophila (Brrp and Fanmy 1953; Faumy and 
Birp 1953; Fanmy and Fanmy 1956), reversions in Escherichia coli (DEMEREC 
et al. 1954), and chromosome breaks in the Vicia faba root-tip test (LovELEss 
1951). In Neurospora, treatment with DEB was 20 times more effective on the 
induction of mutations at the adenine locus than were comparable doses of mus- 
tards, other epoxides, or ultraviolet. In Drosophila, DEB was found to be far less 
effective than X-rays in the production of major structural rearrangements in 
the chromosomes but considerably more efficient than X-rays in the production 
of small deficiencies. DEB affected the darker bands of the chromosomes prefer- 
entially although mustard gas affected the lighter ones, indicating a specificity 
of DEB for heterochromatin. This marked ability of DEB to induce gene muta- 
tions as well as chromosome breaks led to its being chosen for a study of chemically 
induced mutations in maize. The term “mutation”, unless otherwise specified, is 
used here to include changes resulting from both chromosome breaks and so- 
called “point” mutations. 

Maize has several characteristics which make it a very desirable object for 
studies of induced mutations. There are a number of endosperm characters 
determined by known genes of regular inheritance which are located in the short 
arm of chromosome 9. Maize endosperm. being triploid, is not adversely affected 
by considerable loss of genetic material. Chromosomes treated in mature pollen 
are in a prolonged resting stage and are not subject to the same stresses that exist 
during cell division. An F, generation can be observed for further test of the 
occurrence of point mutation or surviving chromosome abnormalities, if desired. 

Although maize has been utilized extensively for studies of induced mutation 
by radiation, the use of chemicals for this purpose has been largely neglected. 
Nitrogen mustard treatments of mature pollen have been found very efficient as 
inducers of chromosome breaks observable in the endosperm (GrBson, Brink, 
and StAaHMANN 1950; Uma 1949). However, similar treatments with ethylene 
oxide were only moderately successful (FABERGE 1955). It is the purpose of the 
present paper to report on the effectiveness and specific characteristics of DEB 


as a chemical mutagen in maize. 


1 Published as Paper No. 367, Department of Plant Breeding. Cornell University. 
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MATERIALS AND METHODS 


Genetic material 

The standard procedure of utilizing multiple dominant stocks as the source of 
pollen for treatment and multiple recessive stocks as seed parents was followed. 
The absence of one or more dominant marker genes in the F, endosperm indicated 
loss of the markers involved. The word Joss, designates only the disappearance of 
the phenotypic effect of the dominant allele and does not imply the particular 
mechanism involved. 

The endosperm markers used in the following experiments are all located in 
the short arm of chromosome 9. They include the allelic color factors 7, (inhibitor 
of aleurone color, dominant to C), C (aleurone color, dominant to c), and c (no 
aleurone color when homozygous). The interactions of the color factor bronze 
(bz) with J and C have been described by Ruoapves (1952). Bronze phenotypes 
are visible in the endosperm only in the absence of 7 and presence of C. Endo- 
sperm composition is determined by genes Sh (sh, shrunken endosperm) and 
Wx (wz, waxy starch). Normal starch (Wz) stains blue with KI plus I, solution 
while waxy starch is either colorless or stains brown with iodine solution. At 
pachytene the genes 7, Sh, and Bz are located close together in chromosome 9 
their general position occupying a point slightly less than the distal third of the 
short arm. Wz is located close to the middle of the short arm. (McC.intock, 
personal communication). The crosses used in these experiments were either 
c shwx X C ShWx orC sh bz wx X I Sh Bz Wz, permitting a study of three or 
four linked genes, respectively, in the short arm of chromosome 9. All F, kernels 
were scraped and stained in bulk with iodine solution, then examined micro- 
scopically for the appearance of nonstaining areas of waxy starch. 

The use of chromosome 9 markers and the reading of mosaic patterns result- 
ing from breakage-fusion-bridge (B.-F.-B.) cycles originated with the work of 
McCurntock (1951), who described the phenotypes expected from breaks occur- 
ring at various positions along the short arm of chromosome 9. For a compre- 
hensive discussion of this subject see FABERGE (1956). In these experiments any 
deviations from the expected order of loss were placed in the ‘“complex”’ class as 
the first point of chromosome breakage in these kernels is often impossible to 
determine. 

The loss of dominant marker genes occurring spontaneously or induced by 
DEB were classified according to the number of genes involved and to the extent 
of the deficient area of the kernel. Fractional or mosaic patterns occupying less 
than one eighth of the kernel were excluded since they are both difficult to classify 
accurately, and their frequency is not increased appreciably by the DEB treat- 
ment (KreEIzINGER 1958). 


Preparation of pu-diepoxy butane 


Since diepoxybutane may exist in several isomeric forms, the method of pre- 
paring and purifying the pL-compound used in these experiments is of impor- 
tance. The stereospecific chemical used was substantially pure pL-diepoxy butane, 
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having been made from cis-2-butene-1,4-diol by bromination followed by dehy- 
drobromination with dry potassium hydroxide. The material was carefully 
fractionated through a 30-inch Podbielniak column and the fraction, b.p. 58—60° 
(35mm), was collected. The pt-diepoxybutane was prepared under the direction 
of Dr. D. D. Putturps, formerly of Cornell University. 


Methods of pollen treatment 

Diepoxybutane was introduced into the pollen by one of two procedures, In 
the cut tassel method of treatment, tassels in the second or third day of pollen 
shedding were selected. Cut ends of the tassels were placed in flasks containing 
200 ml of 0.2 percent (2.2 x 10°*M) DEB solution. After 18 hours of treatment 
pollen was taken from the tassels, and pollinations were made immediately in the 
field. Pollen from a single tassel was used to pollinate one multiple recessive 
plant. The same procedure was followed for controls except that the solutions 
contained no DEB. 

In the second method of treatment a wick was used to introduce DEB into the 
plant. Tassels just commencing to shed pollen were splinted below the tassel with 
a piece of wood to provide support. A hole five mm in diameter was bored into 
the stalk of the plant four inches below the lowest tassel branch, and a piece of 
woven glass wicking was pushed securely into the hole with forceps. The other 
end of the wick was placed in a one dram vial containing 4.5 cc of 0.2 percent 
DEB. The vial was attached to the stalk with masking tape, and an additional 
piece of tape was placed over the wick area to reduce evaporation. Although the 
vial was usually empty within two to four hours, it was not removed until the 
following day. The pollen was collected 20 hours after starting the treatment 
and at successive 24-hour periods for four days. 


Statistical analysis 
The t test and analysis of variance were used throughout for comparisons 
between treatment means. In the wick method of treatment the frequency of 
mutant kernels resulting from pollination with individual treated tassels differed 
significantly (P = 0.05) from tassel to tassel. Therefore, chi-square tests, which 
require that sampling within treatments be from a homogeneous population, are 
not applicable. In each case the analysis was made on the percent mutant kernels 


within individual ears. 


Method used to calculate maps of chromosome 9 from 
induced breakage frequencies 


The short arm of chromosome 9 was considered to have a length of 100 percent 
for determination of the relationship between frequency of breakage and the 
distance between marker genes along the arm. The mutant kernels from each 
ear of corn were tabulated according to the position of the original break between 
marked regions along the chromosome arm. Within an individual ear the number 
of breaks between each two marker genes was converted to a percentage of the 
total number of kernels showing chromosome breaks in that ear. Means (in 
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percent) were calculated for each chromosome region from all ears within each 
of the five days of pollination in the wick method of treatment, the two methods 
of treatment, and the two stocks used. These means were compared by appropriate 
t tests or analysis of variance. Chi-square tests are not valid because, as will be 
shown later, tassels treated with DEB differ from each other in the manner that 
breaks are apportioned along the chromosome arm and thus do not represent a 
homogeneous population. 


RESULTS 


T he effectiveness of DEB as a chemical mutagen in maize pollen 


The marked ability of DEB to induce losses of endosperm marker genes in 
maize is evident from Tables 1 and 2. The number of mutant kernels resulting 
from DEB treatment is either 50 or 60 times greater than the number observed 
in the control depending on the method of treatment. The statistical analysis 
shows that the difference between the frequency of mutant kernels in the DEB 
treated and control ears is significant at the P = 0.05 level (see Table 3). This 
difference was unaffected by the year of treatment, the stocks used, or any of the 
possible interactions between them (KreizINGER 1958). For purposes of analysis 
it is assumed that the action of the mutagen is mainly in breaking chromosomes 
since all evidence, discussed below, indicates that this is by far the most important 
effect. The classification of kernels by B.-F.-B. cycles, interstitial losses, and 
terminal losses are shown for stock ] Sh Bz Wx in Table 1 and for stock CSh Wx 
in Table 2. 

In the wick method of treatment a single tassel was used for five successive 
days of pollination. Only tassels in which all five days of pollination were repre- 
sented by an ear were used in the statistical analyses. However, kernels from all 
ears resulting from the wick method are tabulated in Table 2. The means from 
the five successive days of pollination did not differ significantly in either the 


TABLE 1 


Type and frequency of mutant endosperms induced by 0.2 percent DEB treatment of maize pollen 
in the cross C sh bz wx X I Sh Bz Wx using the cut tassel method of treatment 





Classification of kernels 





B.-F.-B. cycles Interstitial ‘Terminal losses More 

















starting in losses complex 
Wx 
Bz Bz 
Sh- Bz- = ————— Sh Sh Sh Total Total Percent 
Treatment Year E-l I-Sh Bz Wx ShWx Wx I 1 1 1 affected examined affected 
02% 1956 117 4 4 2 3 6 15 2 8 163 7 357 3314 108 
1957 4 1 1.19 1 3 1 2 57 3 123 920 13.4 
Total 161 § 5 38 s+ ¥F 3 10 220 10 480 4234 11.3 
Control 1956 : = ; : ; 1 : : 9 1 15 6377 0.2 
1957 1 1 874 0.1 
Total 3 2g 3 1 : . 9 1 16 7251 0.2 
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TABLE 2 


Type and frequency of mutant endosperms induced by 0.2 percent DEB treatment of maize pollen 
in the cross c sh wx X C Sh Wx 

















Classification of kernels 
B.-F.-B. cycles Interstitial Terminal More 
starting in losses losses complex 

Total Total Percent 

Treatment Method Year E-C C-Sh Sh-Wxr ShWx Wr C CSh CShW2 affected examined affected 
0.2% Cut 

tassel 1956 74 7 26 3 6 17 153 > 289 2436 11.8 

19597 4 0 22 1 1 4 3 85 1 162 1145 142 

Total 118 7 49 1 4 10 20 238 + 451 3581 12.6 


Wick 1957 313 21 97 017 BH Ge 9 1168 11578 10.1 





Grand total 431 28 146 1 21 36 57 890 13 1619 15159 10.7 








Control Cut 
tassel 1956 5 1 1 2 9 4338 0.2 
1957 2 2 1548 0.1 
Wick 1957 5 1 5 2 13 +5711 
Total 10 1 1 3 + 24 11597 0.2 
TABLE 3 


Statistical comparison of the frequency of mutant endosperms induced by DEB in c sh wx X 
C Sh Wx and in C sh bz wx X I Sh Bz Wx using the cut tassel method of treatment 





cshwr X CSh Wx Cs 
1956 1957 1956 


7 


sh bz wx X 1Sh Bz Wer 
) 195 


Treatment Control Treatment Control Treatment Control Treatment Control 





No. ears 40 24 24 6 59 51 15 a 
percent percent 
Total 670.0 5.2 342.8 0.8 780.3 13.0 193.8 0.4 
Means 16.8 0.2 14.3 0.1 13.2 0.2 12.9 0.1 
S.. 1.8 0.1 1.4 0.1 1.2 0.1 1.5 0.1 
x 





treated or control material. Therefore, the five days of pollination were combined 
to determine the mutagenic effectiveness of DEB when introduced by the wick 
method. The unweighted five day DEB treatment mean of 10.6 percent is sig- 
nificantly different from the unweighted control mean of 0.4 percent at the 
P = 0.01 level providing further evidence of the ability of DEB to induce muta- 
tion in maize, The cut tassel method of treatment is significantly (P = 0.05) 
more effective than the wick method in the induction of marker losses. However, 
following the wick method of treatment, ears usually bear many more kernels 
which results in a much greater total number of mutant kernels for the number 


of pollinations made (Kre1zINcer 1958). 
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Induced chromosome breaks related to marked regions 
in the short arm of chromosome 9 


Before comparing the number of breaks between markers with the relative 
distances between them, it was necessary to determine what effect, if any, the 
two stocks, two years, and two methods of treatment had on the way breaks were 
distributed along the arm. This distribution is not influenced by the year of treat- 
ment or the interaction of years with stocks following the cut tassel method of 
treatment (Kreizincer 1958). However, there is a surprising difference between 
the two stocks in the frequency of breakage induced within the region between 
I (C) and the end of the short arm and between Sh and Wx. The amount of 
breakage distal to J in stock J Sh Bz Wx is about ten percent higher than in stock 
C Sh Wx (see Table 4+)—a difference which is significant at the P = 0.05 level. 


TABLE 4 


The relative frequency of breakage within marked regions of chromosome 9 in stocks 


C Sh Wx and I Sh Bz Wx 








Region between Mean of stock Mean 
markers CShWr 1 Sh Bz Wx difference 
percent percent 
End-C (/) 26.0 55.7 9.7* + 4.6 
C -Sh 3.8 4.4 06. = 1.7 
Sh -Wr 99.2 13.9 8.3 +42 
Wx-Centromere 48.0 46.0 2.0 +43 





* Significant at the P = 0.05 level. 


The difference in breakage frequency distal to 7 in the two stocks is almost 
entirely compensated for between Sh and Wx where the frequency of breaks in 
stock C Sh Wr is eight percent higher than in stock 7 Sh Bz Wx. These latter 
figures are highly suggestive of a real difference although the t value is not quite 
significant. 

The C Sh Wx stock was used exclusively in the wick method of treatment. 
With the exception of the region between Sh and Wz, the frequency of breaks 
within the marked regions of the short arm of chromosome 9 did not differ sig- 
nificantly among any of the five days of pollination. However, in the region 
between Sh and Wz there was a significant difference (P = 0.05) among succes- 
sive days of pollination as well as a highly significant difference (P = 0.01) 
among tassels in the frequency of breakage within this region (KreIzINGER 
1958). Since all of the difference among days could be attributed to the fifth day 
of pollination, data from the fifth day were omitted from further comparisons. 
The analysis was based on DUNNETT’s method for comparing treatment means 
with a control, in this case using the first day of pollination as the control (DuN- 
NETT 1955). There was no difference between the two methods of treatment on 
the apportionment of breaks along the arm. 

After finding that the distribution of breaks along the chromosome arm was 
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not influenced by the years or methods of treatment, it was possible to relate the 
frequency of breaks between marked loci to the actual relative distances between 
them in each stock. As shown in Figure 1 the distances between loci as determined 
cytologically and by breakage frequencies are remarkably similar. The percent 
of breakage between loci in the C Sh Wx stock compares almost exactly with the 
frequency expected if breakage and restitution are at random along the chromo- 
some arm. However, in the J Sh Bz Wx stock there appears to be a relative 
excess of breaks distal to / and a dearth of these events between Sh and Wz. This 
may indicate some type of differential breakage or restitution in the J] Sh Bz Wx 
stock. 
The relationship between sectoring and whole kernel effects 
following DEB treatment of maize pollen 

Sectoring, in which only a portion of the kernel shows the loss of the dominant 
marker genes, is observed very frequently following DEB treatment of maize 
pollen. The loss sectors in the kernels were classified roughly according to size 
as one eighth. one fourth, one half, three fourths, or entire. Kernels with B.-F.-B. 
cycles initiated distal to C or J were not classified by sector size. Two points were 
revealed by the classification: (1) The frequency of sectorial to entire kernel 
losses of marker genes was approximately two to one, and this frequency was not 
influenced by the method or year of treatment or the stock used. (2) The size of 
the sectors formed a nearly normal frequency distribution about the mean value 
of one half of the endosperm (Kre1zINGER 1958). The possible causes of sectoring 


will be considered below. 


DISCUSSION 


The high frequency of mutant kernels obtained following DEB treatment of 
the pollen places this chemical with X-rays and nitrogen mustards as powerful 
inducers of mutant endosperms in maize. Although no direct comparisons among 
these mutagens have been made, the frequency of mutation resulting from DEB 
treatment of maize pollen is very similar to that obtained by FaBercé (1956) 
using 1500r of X-rays on pollen from an J Sh Bz Wz stock. The frequency of 








CShBz Wx CYTOLOGICAL 
n DISTANCES 
CENTROMERE (Mc CLINTOCK) 
BREAKAGE IN 
tes = * ¢ Sh Wx FOLLOWING 
26.0 38 222 48.0 DEB TREATMENT 


BREAKAGE IN 





| ShBz Wx 
+ +4 n~ | ShBz Wx FOLLOWING 
35.7 44} 11.9 46.0 OES TREATMENT 
20 


Figure 1.—Distances between marked loci in the short arm of chromosome 9 as determined 
cytologically at pachytene and as determined from breakage frequencies (in percent) following 


DEB treatment. 
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endosperm mutations induced by DEB is also similar to the 12 percent obtained 
by Grsson et al. (1950) using moderately severe doses of nitrogen mustards. 

Differential sensitivity of maize pollen to DEB introduced during each of the 
five days prior to pollen shedding was also investigated. It has been reported by 
SINGLETON and Casper (1954) that the time of greatest sensitivity for mutation 
production in maize pollen treated with gamma irradiation is a few days before 
the pollen is shed. The mutation rate drops sharply for irradiations applied 
during the last two days before pollen shedding. In the radiation treatments of 
SINGLETON and CasPER maize tassels were irradiated in a timed sequence before 
pollen shedding. In the DEB wick method, tassels were treated at one time, and 
pollen was collected on successive days following treatment. While the number 
of days elapsing between the treatment of any individual pollen grain with DEB 
and its time of shedding undoubtedly varied because of environmental factors, 
there was no indication of increased sensitivity with earlier treatment as reported 
for gamma irradiation. In so far as the two groups of data can be compared 
directly, the results indicate some fundamental difference between the action of 
gamma irradiation and DEB on the production of mutations in maize pollen. 
Further study employing both mutagens under the same conditions are in 
progress. 

There is no evidence that gene mutation is markedly increased by DEB treat- 
ment of maize pollen. The total number of single gene losses of 7, C, and Wx 
observed was only 82 out of 22,410 kernels. This is a lower frequency of single 
losses of J (C_) and Wz than the 43 observed by FaBercé (1956) in 6,782 kernels 
following X-ray treatment of the pollen although the over-all mutation rate from 
the two types of treatment was similar. The studies of SrapLeR (1954) and 
NuFFer (1957) have shown that all single gene losses observed following X-ray 
treatment of maize pollen are chromosomal deletions, not true point mutations. 
Therefore, since the number of single gene losses after DEB treatment was 
proportionately fewer than following X-ray treatment, it can be tentatively 
inferred that the single gene losses following DEB treatment were largely chro- 
mosomal deficiencies. A few spontaneous gene mutations would be expected in 
a sample of over 22,000 kernels; these would be included among the 82 single 
gene losses. 

The paucity of gene mutations following DEB treatment is in agreement with 
the suggestion that maize reacts differently to mutagenic agents than does Dro- 
sophila or Neurospora. Although X-rays are known to cause true gene mutations 
in both these organisms, they are induced extremely rarely, if at all, in maize. 
Similarly, gene mutation in maize is not markedly increased by DEB treatment 
although in Neurospora this type of mutation is greatly increased by the same 
chemical (K6LMarkK and Gites 1953). 

From the use of linked genes in the short arm of chromosome 9 it was possible 
to determine whether breakage and restitution were at random along this arm 
following DEB treatment. A study of the effect of year, stock, and method of 
treatment on the position of breaks revealed that the two stocks differed sig- 
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nificantly (P = 0.05) in the amount of breakage distal to J (C_). The difference 
in the frequency of breakage between Sh and Wz in the two stocks also ap- 
proached significance. There are three possibilities to account for these differences. 
(1) A marked region in one stock is more sensitive to breakage or less likely to 
restitute than the same region in the other stock. (2) The short arm of chromo- 
some 9 differs in length in the two stocks either throughout the chromosome 
cycle or at the time of treatment. (3) The differences are due to sampling error. 

The most plausible explanation for the discrepancy in the two stocks appears 
to be some type of differential breakage or restitution within one or both stocks. 
Credence for the explanation of genic control of breakage comes from three 
sources, (1) The studies of McCuirntrock (1951) have established that spon- 
taneous breakage in maize can be under genic control. However, it should be 
emphasized that in the present experiments there was no evidence of a Dissociator- 
Activator system having been induced by the treatment. (2) Crossing over 
appears to be under genic control in maize since stocks which differ in crossover 
frequency between marked loci have these loci in the same cytological position 
at pachytene (McCiintock, personal communication). According to the recent 
work of Taytor (1957) chromosome breakage is a prerequisite to crossing over. 
Therefore, since crossing over is governed by the genotype, the chromosome 
breaks involved must be similarly controlled. (3) The work of Linnert (1951) 
indicates that induced breaks are also genicly controlled. Treatment of pachytene 
chromosomes of maize with urethane plus KC] resulted in the breaking of both 
homologues of a pair at the same region more often than would be expected on 
the basis of chance. 

Differences in the length of the short arm of chromosome 9 in the two stocks 
at time of treatment cannot be responsible for the differences between stocks. If 
the region distal to J in stock J] Sh Bz Wx were actually longer than the same 
region in stock C Sh Wz, all other regions in stock 7] Sh Bz Wx should show 
correspondingly fewer breaks rather than only the region between Sh and Wz. 

The possibility that the differences between stocks are due simply to sampling 
error cannot be excluded. However, the excellent agreement in frequency of 
breakage within identical regions of the chromosome arm in the same stock under 
different years and methods of treatment and the wide divergence between stocks 
regardless of years, suggest that this is a real difference. 

The relative distances between marked loci based on the number of breaks 
occurring between them were compared with the positions of the markers as 
observed at pachytene. The close agreement in the position of loci as determined 
by these two methods is of considerable interest since it suggests that breakage 
induced by DEB is approximately at random along the chromosome arm. 

The relative location of breaks induced by DEB treatment within chromosome 
9 were also compared with those induced by X-rays using the data of FaBERGE 
(1956) in which maize pollen from an J Sh Bz Wx stock was treated with 1500r 
of X-rays and was used to pollinate a C sh bz wx stock. Variations in the breakage 
frequencies within identical regions following DEB or X-ray treatment are prob- 








152 J. D. KREIZINGER 


ably no greater than can be expected on the basis of heterogeneity in the material 
and differences in experimental procedure. 

One factor not considered in the DEB data is the conclusion of FABERGE (1956) 
that stable, terminal deletions occur only rarely, if at all, in maize endosperm 
following ultraviolet or X-ray treatment of the pollen. If stable end losses do not 
occur, a loss not followed by fusion of the two sister chromatids must be considered 
to involve two breaks, one of which would not be detected if occurring distal to /. 
The fact that functionally stable chromosome ends are produced in maize follow- 
ing radiation by alpha particles (FABERGE 1959) indicates that the behavior of 
the chromosome is dependent on the type of treatment. There is no a@ priori 
reason to expect the production of stable, terminal ends to be the same following 
DEB treatment as following either type of radiation. Computations to determine 
whether stable, terminal deletions are produced following DEB treatment are 
not feasible since data were not from a homogeneous population and cannot be 
pooled. 

The frequency of sectoring following DEB treatment of maize pollen was 
about two fractional losses to one entire loss, a ratio similar to that found follow- 
ing ultraviolet or nitrogen mustard treatment (STADLER and SpraGcuE 1936; 
Gipson, Brink, and STAHMANN 1950). By contrast, sectoring is relatively infre- 
quent in maize following X-ray treatment (STADLER and SPRAGUE 1936; NUFFER 
1957). 

The hypotheses which have been suggested to explain the frequent occurrence 
of sectoring in maize and Drosophila following ultraviolet or chemical treatment 
are: (1) a multiple strand nature of the chromosome leading to the possibility 
that the treatment affects only a portion of the subunits rather than the entire 
chromosome, (2) interference with chromosome duplication resulting in subse- 
quent chromosome or chromatid breakage, (3) induction of an unstable genic 
state, and (4) influence of the treatment on the chromosome matrix. 

It has frequently been suggested that ultraviolet and chemicals break chroma- 
tids or smaller chromosome subunits as opposed to the action of X-rays which 
break whole chromosomes. Sectors smaller or larger than one half are envisioned 
as the result of the sorting out of subunits which were affected at the time of treat- 
ment. However, Mutter (1940) observed that if the entire chromosome is broken 
but held together until time of division, one of the resulting broken chromatids 
may restitute while the other heals. The loss of only one acentric fragment bearing 
dominant genes would result in a sector of recessive tissue. 

It has also been suggested that ultraviolet and chemicals interfere with chromo- 
some duplication rather than actually breaking chromosomes. Chemical inter- 
ference with duplication is supported by the fact that epoxides react in vitro with 
both phosphate groups and amino acids (Ross 1958; Sracey, Cops, Cousins, and 
ALEXANDER 1958). 

The hypothesis of genic instability resulting in point mutation as proposed by 
AveERBACH (1951) for mosaicism in Drosophila does not seem a satisfactory 
answer for sectoring in maize. As previously discussed, maize responds differently 
to X-ray and chemical treatment than does Drosophila in that gene mutation is 
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very rare in maize following these treatments. Therefore, genic instability does 
not seem a satisfactory explanation for sectoring in Zea mays. 

The fourth hypothesis for sectoring involves changes in the chromosome matrix, 
a suggestion which has been proposed by Swanson (1944) to explain the anoma- 
lous results obtained from combined ultraviolet and X-ray treatments in Trades- 
cantia. Diepoxybutane may conceivably exert an effect on the chromosome ma- 
trix which renders it more difficult for chromatids or acentric fragments to 
separate. Such an effect would increase the occurrence of restitution and of 
sectoring when the entire chromosome is broken by the treatment. 


SUMMARY 


The mutagenic effects of diepoxy butane treatment of maize pollen were studied. 
Losses of dominant marker genes in the endosperm of the resulting kernels were 
used to evaluate the mutagenicity of the diepoxybutane. One stock contained 
three, the other four marker genes located on the short arm of chromosome 9. 

Diepoxybutane was found to be a powerful inducer of mutant endosperm 
sectors in maize. The proportion of F, kernels showing single or multiple gene 
losses was about 12 percent. There was no evidence that the frequency of gene 
mutation was markedly increased by diepoxybutane treatment although some 
single gene losses may have been “point” mutations. 

The distance between marked loci in the short arm of chromosome 9 as de- 
termined by the relative frequency of breaks occurring between these loci were 
very similar to the cytological distances as determined at pachytene. This was 
considered evidence that breakage resulting from diepoxybutane treatment was 
induced approximately at random along the chromosome arm. However, the two 
stocks used differed significantly in the number of breaks observed distal to /. It is 
suggested that this may be due either to differential sensitivity of some chromo- 
somal regions to breakage or to sampling error. 

About twice as many kernels had sectors of mutant tissue as had exclusively 
mutant tissue in the endosperm. The size of mutant sectors formed a nearly 
normal distribution about the most frequent values of one half the endosperm. 
The possible causes of sectoring are considered. 
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HE theory and methods of analysis of the diallel cross, as developed over the 

last ten years, have reached the stage where three main lines of approach 
are evident—those expounded by Grirrinc, by Hayman and Jinks and by 
KEMPTHORNE. Though these exponents will be aware of the relationship between 
their own lines of approach and the other two, the plant or animal breeder may 
have difficulty in choosing an experimental design and a method of analysis from 
amongst the various suggestions that have been published. These suggestions 
have actually been advanced to meet different needs and circumstances, although 
this has not always been made clear, and the breeder who does not realize this 
may feel forced to base his choice on adherence to one of what he thinks are rival 
methods rather than on his experimental needs. In this paper an attempt has 
been made to give the various aims of diallel cross experiments, to indicate which 
designs and methods meet these aims and to interrelate and extend the various 
methods. Since Grirrinc has related some of his work to KEMprHoRNE’s and 
since some misconceptions have arisen about the methods of HayMan and Jinks, 
the emphasis is on the work of the last named. 


General survey 


A diallel cross is taken to be a set of inbred lines together with the complete 
set of their F, progeny—a total of n® families. Later generations are sometimes 
included. A diallel table is a set of m* observations derived from a diallel cross. 

Diallel analyses differ in three main ways—in the material ultimately under 
investigation, in the postulated underlying genetic mechanism and in the methods 
of estimation. The interest of some breeders lies in a particular set of inbred lines 
but others are interested in a population of which these lines could be considered 
a sample. This is the main line of division between the methods of KEMpTHORNE 
and the methods of Hayman and Jinxs. Hayman (1954a, 1957, 1958a) and 
Jinks (1954, 1956) studied the genetics of the differences within a set of inbred 
lines. KemprHorNe (1956) expressed some of the formulae of Hayman and 
Jinxs in terms of the parameters of the random mating population from which 
the inbred lines might have been derived by inbreeding. Grirrinc (1956a) 
pointed out that both of these approaches were possible and he presented some 
examples comparing them. 

Basically the approach of Hayman and Jinks was the estimation of selected 
parental and progeny means and the testing of differences between them. They 
also expressed the variation amongst the means in terms of variance components 
that were descriptive strictly only of a population from which the selected lines 








156 B. I. HAYMAN 


might have been sampled. Nevertheless, these components give an approximate 
description of the genetic situation in a given set of inbred lines, Their analysis 
lay in the domain of ErsENnART’s (1947) Model I, while KemprHorne’s lay in 
the domain of Model IT, but they also, to paraphrase E1rseN Harr, “looked at their 
Model I analysis through Model II spectacles”. 

The second difference is between what may be roughly termed the statistical 
and the genetical models of gene action. Here the contrast lies between GriFFING 
on the one hand and Hayman, Jinks and KeEmprHorneE on the other. HAYMAN 
and Jinks worked in terms of simple but reasonably general multiple gene models 
and Hayman’s (1954a) five components of genetic variation, D, F, H,, Hz and h? 
together with the (V,, W,) graph approximately represent the genetic situation 
in a given set of inbred lines. Grirrine (1956a,b, 1958) emphasizes the statistical 
concepts of general and specific combining ability, with a loss of genetical infor- 
mation, since he generally neglects the inbred lines themselves. KemprHoRNE 
(1956) and Marzincer and KemprHorne (1956) also describe the underlying 
genetic model. 

The third difference, which is allied to the second, is that between estimation 
from analysis of variance and more general estimation procedures. Here GRIFFING 
and Kempruorne differ from Hayman and Jinks. Hayman (1954a) showed 
that genetic variation in a given diallel cross could in many cases be divided 
approximately into five components D, F, H,, H. and h® and gave methods of 
estimating these from statistics involving both parents and offspring. Some of 
these statistics were additional to those supplied by the analysis of variance of 
the diallel table as Hayman (1954b) pointed out. KemprHorne (1956) and 
GriFFING (1958) described five components of variation for which KEMpTHORNE 
suggested the need of estimation procedures. The genetic components of HAYMAN 
and Jinks are interpretations of these components in terms of their particular 
genetic model. Both Kemprnorne and GriFFtnc realized that the two genetical 
mean squares from their analyses of variance of the diallel table would not supply 
estimates of five components. GrirFinG (1956b, 1958) restricted his analysis to 
the F, families; their genetic variation could be expressed in terms of two statisti- 
cal parameters, the variances of general and specific combining abilities. This, of 
course, also restricted the genetic situations that could be discussed to those charac- 
terized by only two components of variation. 

Accompanying the estimation problem is the problem of tests of significance 
about which there is more agreement. Exact significance tests have been of two 
kinds. The first is the analysis of variance of the diallel table, given originally by 
Yates (1947). Hayman (1954a) pointed out that it provided a test for additive 
genetic variation in the absence of dominant and epistatic variation or a test of 
dominance variation in the absence of epistatic variation and KEmprHorRNE 
(1956) confirmed these results. GrirFinc (1956a,b) showed that the analysis 
supplied simultaneous tests of both general and specific combining ability. 
GRrIFFING’s simultaneous tests seem superior to HaymMan’s hierarchical tests, but 
in fact they are equivalent because, in the presence of specific combining ability, 
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general combining ability is a compound of dominance, or epistasis, or both, with 
additive genetic effects. The second kind of exact test involves other generations 
and is based on Matuer’s (1949) so-called linear scaling tests. The extension of 
one of these to the diallel cross including parental, F,; and F, families was given 
by Hayman in 1957. A useful approximate test of significance of components of 
variation uses empirical standard errors from replication (NELDER 1953). Hay- 
MAN (1954a, 1958a) also obtained standard errors from least squares solutions 
for components and GrirrinG (1956a) also used theoretical errors. 

We can sum up as follows. The methods of Hayman and Jinks, founded on 
those of Maruer (1949) supply a great deal of information about a set of inbred 
lines and its offspring. The combination of the analysis of variance of the diallel 
table with the analysis of variance of W,-V, or the test involving F, families sets 
the level of complexity of the genetic situation at solely additive, additive and 
dominant, or additive, dominant and epistatic. Except in the last and most compli- 
cated circumstance, the (V,,W,) graph and the genetic components supply a 
detailed description of the relative genetic properties of the inbred lines. Even 
in the presence of epistasis the F, (V,,W,) graph or consideration of further 
generations provides a great deal of information about the epistasis. GriFFING 
(1956a) has shown how to estimate the general and specific combining abilities 
of such a set of lines. 

When the inbred lines are considered to be a sample of the lines resulting from 
inbreeding a random-mating population, GrirFine’s (1956a,b) analyses of vari- 
ance supply tests and estimates for the variances of general and specific com- 
bining abilities in the sampled population. 

We will devote the remainder of this paper to extending the approximate 
analysis of fixed inbred lines of HayMan and J1n«s to the exact analysis of inbred 
lines considered as a sample from an inbred but originally random-mating popu- 
lation. Their notation will then cover all cases of importance to breeders. To do 
so we will in effect reinterpret KemprHorNe’s (1956) model of the diallel table, 
but we will show how all five components of the variation and their standard 
errors can be estimated. 

Statistical components of variation 

From a statistical sampling point of view we may regard an n X n diallel table 
as a single observation of a set of 7* variables in a multivariate distribution, With 
the genetical background to the table in mind we assume that reciprocal variables 
are identical and group the large number of parameters that characterize such a 
distribution into six classes, each with a common value. These values are 

fy) = mean of a diagonal variable, 

#1 = mean of a nondiagonal variable, 

o? = variance of a diagonal variable, 

Co: = covariance between a diagonal variable and any other variable in 
the same array (row or column of the table), 
o” = variance of a nondiagonal variable, 


1 
Ci, = covariance between nondiagonal variables in the same array. Other 


| 
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covariances are assumed to be zero. The subscripts, 0 and 1, denote the two genera- 
tions, parental and F,, under observation. 
The expected variation in the diallel table is completely described by these 
variances and covariances together with 
= pa — Ho 
These parameters are related to those of KemprHorNeE (1956) and GrirFING 
(1958) as follows 


HayMAN KEMPTHORNE GRIFFING 
Fo PI Pi 
Pa be pb 
7% o, v; 
Co1 ay Og! 

2 2 6 4 

a; oo 20 ica 4 C2 
c cov (P.O) o 


gca 

We describe two methods of estimating these parameters, firstly from the 
expectations of statistics and secondly by maximum likelihood. Let z;; (7,7 = 1,2, 
~~~nand x;; = x;;) be the 144n(n+1) variables of the diallel table of family and 
reciprocal means. Define 


x = xj; (summed over all 7), the sum of diagonal terms, 
X; = 2; (all j 47), the sum of the ith array excluding its diagonal term, 
X = Yxj; (all i and j,i ~7) 

=X; (all i), the sum of the n(m—1) nondiagonal terms. Sum- 


| 


mation over i and j is not restricted to i < 7. This convention eliminates an awk- 
ward factor of 2 from many formulae. 
We define also the second degree statistics 
nS, = nx? — x? 
NS: = RADDA TA 
n(n—2)S,, = n2ZX* — X? 
2(n—1) (n—2)S, = (n—1) (n—2) Ex? — 2(n—1) TX? + X? 


The two sums of squares, S;, and S,, are those in GrirF1nc’s (1956a,b) analysis 
of variance of nondiagonal terms. The subscript of each statistic is generally the 
same as the subscript of the major component of its expectation. 

If E, and E£, are the error variances of diagonal and nondiagonal means the 
expectations of the statistics are 


eX = Mpro 

eX = n(n—1)p, 

eS, = (n—1) (E, + 0?) 

€So. = (nm—1) (n—2) 01 
eS, = (n—1) [E, + 0? + (n—4)c,,] 


S, = %n(n—3) (E, + o?—2c,,) 
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Unbiassed estimators of the six parameters are then 
Bo =2z/n 
1=X/n(n—-1) 
@? =S_/(n—1) —E, 
Co = Soi/(n—1) (n—2) A 
= 2[n(n—3)S,, + (n—1) (n—4)S,]/n(n—1) (n—2) (n—3) — E, 


E, and E, are estimated from replicate diallel crosses or duplicate families and 
have been kept separate because inbred and crossbred individuals commonly 
have different error variances. Also of interest later is 
2 — 2 =2S,/n(n—3) —E, 
= 02, say. 
In the genetic case this is the component of variation in specific combining ability. 
The expected variances and covariances of the estimators of the means are 
vari, = (E, + «?)/n 
Cov (Ro, fa) = 2€0:/n 
varj., = 2[E, + 0? + 2(n—2)c,,]/n(n—1) 
The expected variances and covariances of the estimators of the statistical com- 
ponents of variation are in Table 1. 7) and m, are the degrees of freedom of E, 
and E,. 

We discuss the properties of these estimators immediately and leave the more 
difficult derivation of the maximum likelihood estimators until later, The latter, 
though more complicated than, are not essentially different from, the unbiassed 
estimators. 

The diagonal terms of Table 2 are the ratios, to the first order in 7m, of the square 
of each parameter to its sampling variance or, in other words, the approximate 
chi-square with one degree of freedom for testing the significance of the estimators 
of each parameter. For significance at 5, 1 or 0.1 percent these ratios should be 
about 4, 61% or 11 respectively. Evidently o? is estimated most accurately and a 
moderate sized diallel cross suffices for this parameter; when 7, is very large the 
exact value of the chi-square is 14(m—3), showing that at least six parents are 
necessary for significance at five percent. For o?, x? = 4% (n—1) exactly when n, 
is very large, so that at least nine parents are necessary for the same accuracy of 
estimation. The situation is similar for the parameter c,, except that the accuracy 
of the tabulated approximation depends, to the next order in 7, on the relative 
magnitudes of the parameters as well as on the magnitude of m. The accuracy of 
estimation of the other two parameters, o? and c,,, depends directly on the rela- 
tive magnitudes of the parameters. If c,, is small compared with o? and c,, it 
cannot be estimated accurately in most experiments. On the other hand, the 
smaller size of c,, compared with o? means that o? is usually accurately estimated 
even in small diallel crosses. 

It seems that a diallel cross containing ten parents would supply useful esti- 
mates of the parameters as long as the estimates of EZ, and £, are relatively ac- 
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TABLE 2 





Diagonal: approximate chi-square test of significance of estimates of par ters. Off-diagonall: 
square of approximate correlations between estimators of parameters 
when error variances are neglected 
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curate and that a smaller diallel cross would have little utility. This is to be 
expected for we are concerned here with estimating parameters in a hypothetical 
population of which any given diallel cross is but a sample. 

The only circumstance in which a small diallel cross (less than ten parents) is 
of practical use is when the parents and crosses comprise the whole population 
under investigation. In this case the parameters to be estimated are those of this 
restricted group of parents and crosses alone, their accuracy being determined by 
replication and control of the environment and not by the sampling theory above. 
As we stated in the general survey this is the situation with which Hayman and 
Jinks, and to some extent GriFFING, have been concerned. 

Table 2 also contains, off the diagonal, the squares of the correlations between 
the estimators of the parameters, in most cases given to the first order in n. The 
error variances have been neglected here for simplicity; their inclusion reduces 
all correlations except that between the estimators of 0? and o?. The correlations 
of 32 and ¢,, depend on the magnitude of c,, relative to o? and c,,, measured by 
r? =c? /o*c,,. When c,, is relatively large the estimators of o° and c,, are highly 
correlated with each other and with the estimators of o* and c,, but when c,, is 
relatively small o? and q., are nearly independent of each other and of o and... 
The remaining correlation, that between ¢? and ¢., behaves quite differently and 
indeed tends to unity in large diallel crosses. A relatively small value of the cor- 
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relation c,, (< <m-*/*o2) does lead to a small correlation (87~*) between 0 and 
¢,,, but such a small value of c,, is unlikely in genetical cases. 

The estimator of the derived parameter, 0? = o?—2c,,, occupies a unique posi- 
tion in Table 2. As well as being the most accurately estimated parameter it is 
independent of parameters involving the parents (0? and c,,) and in large diallel 
crosses is also independent of the other parameters, o* and c,,. 

Another method of estimating the statistical parameters is by maximum likeli- 
hood. In a bivariate normal population the expectation and the maximum likeli- 
hood methods give estimators differing only by the factor (m—1)/n. In our 
multivariate case the differences are also of this order but are more complicated 
in form and are worth investigating. 

Let ¢;; (7,7 = 1,2, ----- n and t;; = t;;) be the 144n(n +1) variables in the 
characteristic function corresponding to the observable variables x;;. If error vari- 
ances are ignored this function is 

Q = oXt*. + Yor dt, + 2c,, 


2t,t,, t¢,,2t, ty 
summation again being over-all values of the subscripts for which i ~ ] ~ k. We 


ij ik 


can also write 
Q=rvt 
where t is the vector of variables ¢;; and V is the variance matrix. If x and p» are 
the vectors of the variables z;; and their means the joint frequency function of 
the variables z;; is 
(Qr)-4"™+0) 1V |-Hexp[-14 (x’—p’) V2 (xp) ] 
The maximum likelihood estimators of the six parameters maximize this func- 
tion or, using the negative logarithm, minimize 
log|V| + (x’—p’) V-1(x—xz) 
It can be shown that 
|V| = (o*—Be..) [eset — 4o°c ai ac. aE 2n(o%c,, “= c)] 
x [o?0° = tex... = 2Qc* = n(o°c., = er 
= i. say, 
and that 
(x’ — p’)V7(x — 2) 
= [2(n—1) (0? +n, ,) (2—np,)* — 4(n—1)e,, (a—np,) (X—n(n—1)p,) 
+ 02 (X—n(n—1)p,)?]/2n(n—1)p 
+ [4S — Be 3. + oS, lat S/e 
where o? = o? + (n—4)c,, 
Equating to zero the partial differentials of the likelihood with respect to each 
parameter we find that the estimators of the parameters are; 
Lo = z/n, as before 
a, = X/n(n—1), as before 
Cr =S,/n 
Chr = Soi/n(n—2) 
n(n—1) (n—2)°S,6? = S,[ (n—2) (3n?—15nt+22)S,,+(2n?—9nt6)S,] 
— (n-3) (n—6)S?, 
— (n—6)YV [n—2)?((n—3)?S? —2(n—1)S_S, +S?)S? 
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— 2(n—2) ((n—3)?S, —(n—1)S,) SS? 
+ (2-3) FJ 
2n(n—1) (n—6)¢,, = 4(n—1)S,, + 2nS, —n(n—1) (n+2)3? 
3? = 32-20 
In the formula for G? the negative root is to be used as indicated. 
The estimators of o?, c,, and o? may be expanded as power series in 1/n. To 
the third order we have 
@? = Q[ (n?+2n+4)S,, + (m—1) (nt2)S ]/n' 
Zi. = [(n?+2n+4)S,, — (2n+11)S,]/n* 
62 = 2(n?+3nt9)S /n* 
The maximum likelihood estimators are the same as the unbiassed estimators to 
the first order in n. 
The expectations of the maximum likelihood estimators (or their approxima- 
tions to the second order in 7) are 


A = 

Ey = Po 
is 

€f1 Pi 

«0? = (n—1)0?/n 
Ae u/ 

€Cor = (r—1) €o;/n 
Ao ° 

€o, — (no*—2c,,)/n 
A 

C1, = (n—1)c,,/n 
as... 9 

€0 == @ 


The biasses of the estimators of «?, c,, and c,, are of the expected nature but 6? is 
approximately unbiassed and the bias of ¢? depends on c,.. 

The sampling variances and covariances cf the maximum likelihood estimators 
are very much more complicated than those of the unbiassed estimators but they 
are identical to the first order in n. To the second order in 7 the variance and the 
covariances of both estimators of o? are the same but the other variances and 
covariances of the maximum likelihcod estimators are less by a factor (n—1)/n 
than their corresponding entries in Table 1. The exact sampling variances and 
covariances of the maximum likelihood estimators may be obtained from us. The 
previous discussion of the significance of unbiassed estimators, of their sampling 
correlations and of the minimum size of experiment applies equally to these 
maximum likelihood estimators. For the remainder of the paper we shall restrict 


ourselves to the simpler unbiassed estimators. 


Genetical components of variation 
Hayman (1954a) defined five components of genetic variation in a diallel 
system exhibiting additive and dominance, but no epistatic, variation. These were 
h=h,(1—w?) 
D = Xd?(1—w?) 
F = 22d hw, (1—w?) 
H, = =h?(1—w?) 
H, = Zh? (1—w?)?, 
where a = 1,2, — — — k denotes the k genes controlling the character measured in 
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the diallel table, d, is half the difference in effect between the homozygotes of 
gene a, h, is the deviation of the heterozygote of gene a from the midhomozygote 
and w, = Ua—Va, Ua and V, being the frequencies of the two alleles of gene a. 

Previously we described the diallel table in statistical terms as a sample from 
a certain multivariate normal distribution. In genetical terms, as KEMPTHORNE 
(1956) points out, the F, families of the diallel cross behave as a sample from a 
random mating population and the inbred lines as a sample from the same popu- 
lation inbred without selection. This means that w, is the same in both parents 
and F, so that we can express the statistical components of variation in terms of 
the above genetic components. 

The expected difference between parent and offspring means is 


p= Yh 
The expected variance of the inbred lines is 
oc =D 


0 


The expected variance of the random mating population is 

oa — 14ZD —_ 1,F + 14H, as 1, Hi, 
and we also have 

Cor = %D—%4F 
and C1 = YD—-Y%4F + 4H, — 4A, 
Hence unbiassed estimators of the genetic components of variation in the sampled 
population are: 

n(n—1)h = 2X —2(n—1)z 

(n—1)D =S, —(n—-1)E, 

(n—1) (n—2)F = 2(n—2)S, — 48o, — 2(n—1) (n—2) Ey 

n(n—1) (n—2)A, = n[ (n—2)S,—48),+48,,] + 8(n—1)S,; — n(n—1) (n—2) 
(E,+4E,) 
n(n—3) A, = 8S, — 4n(n—3)E, 
Since the expectation of h? is not h? an unbiassed estimator of h* may be required. 
It is 
[4(n—2) (n—3) (X—(n—1)x)? — 4n(n—1) (n—3) ((n—2) 8p—48 01 +4811) 
= £61 S/n O21) 22) Gs—-3) 

Other models of genetic behavior might be considered and as long as these 
determine not more than five components of genetic variation estimates of these 
components can be found in terms of the five statistical components of variation 
in the diallel table. 

The assumptions (Hayman 1954a) behind Hayman and Junxs’ model of 
genetic variation in the diallel cross imply that when the diallel cross is considered, 
as in the present case, to be derived from a population then that population is 
random mating and free from epistasis. Now Matuer (1949) showed that the 
genetic portion of all variances and covariances, however related, from such a 
random mating population could be expressed in terms of just two components 
(our notation), 

D’ = X(d,—h_w,)?(1—w?) 
and H’ = th?(1—w*)? 





AIMS OF DIALLEL CROSSES 1645 


Thus D’=4¢c,, = 40% 
and H’= 40°—8c,, — 40° = 40° 
where o? and o? are the components of variation in general and specific combining 
ability estimated by 
oF = [n(n—3) S11 — 2(n—1)S,]/n(n—1) (n—2) (n—3) 
and 3? = 2S,/n(n—3) — E, 
As Grirrinc (1956a) points out only the F, families are needed to estimate o* 
and o? (or MaTuer’s D’ and A’). 

Just what then is the extra information supplied by the parents, and how 
important is it? H’ is a measure of dominance influenced to some extent by asym- 
metry of the gene distributions (w, +0) in the population. D’ depends on the 
terms d,—h,W, which measure the average increment in the character when a 
gene substitution is made in the whole population at locus a. This increment is 
the only measure of additive gene action available in a random-mating population 
but it depends on dominance and gene frequency as well. On the other hand, 
d, and h, are independent of each other and of any population as long as epistasis 
is absent (HayMaAN 1958b). 

The importance of the parents to the diallel cross is that they permit the separa- 
tion of d, and h, in D’ or, in other words, enable the true additive and dominance 
components of general combining ability to be separated. By including the 
parents, D’ and H’ can be replaced by the five components h*, D, F, H, and H2. 

As one example of information not supplied by D’ and H’ or by the combining 
abilities we take the measure of mean degree of dominance, 

H, Xh?(1—w?*) 
D Xd?(1—w?) 
Although gene frequency does enter this expression it does not thereby confound 
additive and dominance effects as in D’. Moreover, provided that w® is not corre- 
lated with degree of dominance, 


eH, zh? 





<—D Xd? 
so that on the average H,/D measures mean degree of dominance independently 
of gene frequency. 

Other properties of the random-mating population can be inferred from h?, F 
and H., a full account being given by Hayman (1954a). This account actually 
concerned a fixed set of inbred lines but when the inbred lines are derived from 
a random-mating population it applies to the population itself as long as the 
correct estimators of the components are used. 

Table 3 contains the sampling variances and covariances of the genetic com- 
ponents of variation, Just as Table 2 was derived from Table 1 to exhibit the sig- 
nificance of the estimators of the statistical components of variation and the 
correlations between them, so a similar table may be constructed from Table 3 
for the genetic components. Such a table shows, as before, that at least ten parents 
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are required before most of the components can be estimated. The most accurately 
estimated component is H.. If the environmental components are small or are 
very accurately estimated and if 7m is not too small, the estimators of H, and h? 
are nearly independent of the other estimators. The estimators of D, F and H, 
are intercorrelated to much the same extent as the estimators of o°, c,, and o%. If 
environmental components become important many of the correlations amongst 
the estimators of D, F, H, and H. are increased. 

At the risk of becoming tedious we must repeat that the restriction to at least 
ten parents before useful information can be inferred about the sampled popula- 
tion does not apply to a diallel cross designed to measure the properties of a specific 
set of inbred lines. Indeed there is no reason why a cross between only two lines 
should not be considered: this is, of course, a very common type of experiment. 

As a final note to this section we express the unbiassed estimators of the genetic 
components of variation in terms of the diallel statistics defined by HayMan 
(1954a) and Jinxs (1954). These differ from the statistics used so far in this 
paper in including the diagonal term in each array, which practice has some 
computational advantages. These alternative forms are 

(n—1)h = 2n(mz1—mM1) 
D = Vouo—Eo 
(n—2) F = 2nVor0—4nW oro: —2 (n—2) Ey 
(n—1) (n—2)A, = (n—1) (n—2) (Wor0o—4W 101 + 4V 011) 
+4(n—-1 )?(Virr Vor ) <4n (mim)? 
—(n—1) (n—2) (E,+4E,) 
(n—1) (n—2) (n—3) Ae = —4(n—1)?(Voro—4 W or01 +4V 011) 
+4(n—1)*(nm—2) (Wir:—Vors) —4n (n—2) (mom)? 
—4(n—1) (n—2) (n—3) EB, 
and the unbiassed estimator of (m—1) (m—2) (n—3) h? is 
—4(n—1)? (Vor0o—4W or0r tt 4V 011) +8(2—1) (Vitr—Vor) 
+4n(n?—4n+2) (mpo—mz)? 


Analysis of variance 

The purpose of the analysis of variance of a replicated experiment is to separate 
components of random variation and to estimate non random effects (EISsENHART 
1947). In our case, only simple analyses of the variance of parent families and of 
F, families are needed to supply estimates of E, and E,. 

More complex analyses of variance can estimate and test the significance of 
specific components of variation, but since they cannot supply a complete set 
either of estimators or of tests of significance, they have limited value. In any 
case our unbiassed estimators are identical to these estimators, where comparable, 
and the tests of significance agree to the first order in n. 

Significance levels in the analysis of variance should be interpreted with cau- 
tion, High significance implies that accurate estimates of means can be obtained. 
It does not necessarily imply accurate estimation of the variance of these means, 
that is to say, the variance components are not necessarily accurate measures of 
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their corresponding parameters in the sampled population. To take a simple 
example, a replicated experiment containing just two lines may demonstrate a 
definite genetic difference between the lines but, no matter how accurately this 
genetic difference may be determined, it cannot be an accurate measure of the 
genetic variation in the population from which the two lines have been sampled. 
As we have seen, a sample of at least ten is needed for reasonably accurate esti- 
mation of population variability. On the other hand, lack of significance of a 
particular component in the analysis of variance does imply that it has no sig- 
nificant estimate but the standard errors of Tables 1 and 3 will lead to the same 
conclusion. 

For completeness, we present the restricted results supplied by the analysis of 
variance. When the inbred lines are derived from a population, the expectations 
of HaymMan’s (1954b) mean squares for the diallel table of family means are, 
ignoring reciprocal differences, 

nea = 2(E, +o?) + 4(n—2)c,, + 2(n—2) (E, +0?) + 2(n—2) (n—4)c,, 
neb, = (n—1) (E10?) —4(n—1)e,, + 2(E, t+0%) + 4(n—2)e,, + n(n—1)p? 
neb, = (n—2) (E, +0?) —4(n—2)c,, + 4(E, +07) + 4(n—4)e,, 
eb, = 2(E, +o?) — ie. 

These four equations cannot provide estimates of five parameters, as HayMAN 
(1954b) has stated, but seme combinations of the parameters can be estimated. 
Two such are 
(n—1) (n—2) 2? = (n—2)b, — (n—1)b, + b; 

20°40. = 262 = b, — 2B. 

Three genetical components of variation can be estimated, 
(n—2) A, = nb, + 2(n—3)b, — (n—2) (Eo + 4E,) 
Ap = 2b, — 4B, 

(n—1) (n—2) h? = 4(n—2) b, — 4(n—1) b, + 4;. 
Further, b, provides an exact test of significance of H, and combinations of b,, be, 
b;, E, and E, provide approximate tests of significance (CocHraN 1951) of H; and 
h?. The difference (n—2) (A,—A.) = nb, — 2b, — (n—2)E, 
also provides a useful test. 

GriFFING (1956a,b, 1958) obtained from the F, families alone the two mean 
squares, S,, and S, in our notation, which supply estimates of o? and c,,. 


Example 


Dr. G. F. Spracur has kindly supplied the yields from four blocks of a maize 
diallel cross between ten lines. Hayman (1958a) analysed these data assuming 
that the ten parents comprised the total population under consideration, but here 
we assume that the parents are a random sample of ten inbred lines from a 
population. 

The preliminary analyses of parental and F, yields reveal differences between 
parents and between crosses significant at a probability level of about 10-?° in 
both cases. Evidently genetic variation is present so that we can proceed to esti- 
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mate the population parameters. The basic statistics, in terms of totals over blocks, 


are 


x= 4591 o = 443,705 E,=1177 
X = 118,370 S.=1161,160 m= 30 
n=10 Si; = 813,892 E,= 8445 


SS, = 839,780 =n, = 135 
The estimates and standard errors of the means are 
po = 459 + 70 
a, = 1315 + 62 
r(Ro.ft) = 0.740 
The unbiassed estimators of the statistical components of variation, together 
with their sampling errors and correlations, are in Table 4. Comparison of the 


TABLE 4 


Unbiassed estimators of statistical components 











o? c o* c o? 

0 01 1 11 2 
Estimate 48,124 16,127 32,158 8,305 15,549 
Standard error 23,243 9,530 11,539 5,377 5,827 
Correlations o° 0.797 0.431 0.462 0.000 
t 0.737 0.791 0.000 
o* 0.866 0.383 
—0.131 





° 


estimates with their standard errors shows that o? and the derived parameter o* 
are highly significant, that o? is just significant and that the covariances c,, and 
c,, are not significant. The estimator of o? is almost independent of the other esti- 
mators while amongst these Co,, if significant, would be highly correlated with the 
other three while o? and c,, would be even more highly correlated. 

The maximum likelihood estimators, corrected for error variance, their cor- 
relations and the third order approximations to the last three estimators are in 
Table 5. These results, including the approximations, are consistent with Table 4. 

Table 6 contains similar information about the genetic model of HayMan and 
JINKs, assuming it to apply. Hayman (1958a), by considering F, families as well, 
showed that epistasis was present but we ignore it for the purpose of illustrating 
our methods of estimation. The dominance components, H,, H, and h? are highly 
significant, the additive component D is significant and F is not significant. 

The analyses of variance confirm these results as far as they can. HAYMAN’s 
shows high significance of H,, H, and h® and Grirrine’s of ¢,, and o?. In every 
case significant unbiassed estimators are also significant in the analysis of vari- 
ance. ¢,; is an example of the failure of the converse. Apparently there are differ- 
ences between the ten parents in general combining ability but these do not 
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TABLE 5 


Maximum likelihood estimators of statistical components 


























o” c o c o 

0 01 1 11 2 
Estimate 43,194 14,514 29.649 6,881 15,886 
Approximation 29,879 7,489 14,901 
Standard error 19,845 8,002 9,800 4,368 5,891 
Carielatons o° 0.811 0.433 0.486 0.000 
Cor 0.717 0.804: 0.000 
o° 0.804 0.471 
Ci —0.146 

TABLE 6 
Unbiassed estimators of genetic components 

D F H, H, h2 
Estimate 48,124 31,738 79,029 62,195 2,922,444. 
Standard error 23,243 28,054 26,167 23,308 22.234 
Correlations D 0.573 0.106 0.000 —0.050 
F 0.356 0.000 —0.163 
H, 0.783 —0.160 
H. 0.028 





provide a good measure of the variability in general combining ability in the 
sampled population. GrirFine’s (1956a) Tables 12 and 13 show the same con- 
trast. In his analysis of variance general combining ability differences are highly 
significant, but his estimates of o? are well under twice their standard errors. 
Again, HayMAn’s analysis of variance shows that the difference H,—H. is just 
significant, but no useful measure of this difference (and therefore of gene 
asymmetry in the population) can be obtained from our Table 6. Some com- 
ponents, of course, are not tested at all in these analyses of variance. 

One difference between our present analysis in terms of sampled parents and 
that of Hayman and Jinxs in terms of fixed parents should be noted. Our esti- 
mate of the measure of average degree of dominance (H,/D)" is 1.28 which is 
not significantly greater than unity while, on the assumption that the ten lines 
comprise the total inbred population under consideration, the estimate is 2.75 
and significantly greater than unity. Hayman (1958a) considered a nonepistatic 
subdiallel cross of six lines and for this the two estimates are respectively 3.46 
and 8.75. The differences, by over a factor or two, between these pairs of values 
are of the same nature as the difference between the unbiassed estimate of a 
population variance from a sample, =(2;—z)*/(n—1), and the actual variance of 
the sample, =(2;—z)?/n. However, in the case of our H,, the difference is so 
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great that it suggests care should be exercised in inferring overdominance from 
the analysis of a fixed set of inbred lines. 


SUMMARY 


Diallel crosses between inbred lines have several experimental uses. A distinc- 
tion must be made between measuring the properties of the lines themselves and 
the properties of the population from which the lines are considered to be a sample, 
the former case having been discussed in papers by HayMan and Jinks, the latter 
case of KemprHorne and both cases by Grirrinc. Another distinction is between 
the genetic components to be estimated, HayMAN and Jinks having developed 
estimators of additive and various kinds of dominance components and the other 
authors estimators of general and specific combining abilities. 

In this paper HaymMan and Jinks’ analysis of a fixed set of inbred lines has 
been extended to sampled inbred lines. Their five components of additive and 
dominance variation are related to the two combining ability components and 
the extra information in the former is demonstrated. 

Two general methods of estimation, by unbiassed estimators and by maximum 
likelihood, are described, the former being the simpler and differing little from 
the latter numerically. At least ten parents should be used for reasonably ac- 
curate estimation of components of variation. 

The analysis of variance provides estimates of only some of the components. 
Furthermore, while it is useful in demonstrating genetic variation, it does not 
provide suitable significance levels for the components. These are determined by 
the other methods of estimation. 

An analysis of maize yields revealed additive and dominance variation. There 
was also some suggestion of gene asymmetry in the sampled population. Al- 
though a previous analysis suggested that these ten lines display overdominance 
amongst themselves the present analysis provides no evidence for this in the 
population from which the lines were sampled. 
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1 alee of serum proteins in taxonomy had their beginnings with the classical 

work of Nutraxu (1904) who used the antigenic properties of sera as criteria 
for classification. Subsequently, numerous studies were made of serum differ- 
ences between species. In these studies in vitro precipitation of serum-antiserum 
mixtures was employed to distinguish sera either by the degree of flocculation or 
the presence or absence of an interfacial ring. The results of these investigations 
were summarized by LANDSTEINER and VAN DER SCHEER (1924, 1940). The 
differences found in the sera of species were quantitative in that antisera reacted 
more strongly with the serum of the homologous than of heterologous species. 

Relatively few studies were made in which the serum antigens of one species 
could be sharply differentiated from those of another. Sasaki (1937) reported that 
he was able to differentiate the serum of the White Leghorn chicken (Gallus 
gallus) from that of the guinea fowl (Numida meleagris) by absorbing antisera 
to one species with the serum of the heterologous species. According to SasaKI 
(1935) similar results had been obtained previously by IsHtHara and Misao in 
their studies of carp and by SAsak1 in an investigation of a species cross in ducks. 

In a series of papers CuMLEy and Irwin (1940, 1942, 1943, 1952) reported 
that segregation of serum antigens occurs among backcross progeny of species 
and generic hybrids in accordance with an hypothesis of unifactorial inheritance. 
The genes responsible for the serum specificities are not the same as the causative 
genes for the differentiating cellular substances and may be independent of or 
loosely linked to these genes. More recently there have been a number of intra- 
specific studies implicating genes in the formation or properties of serum proteins. 
TuHompson, Foster, GowEN, and TauBER (1954) reported differences among 
strains of mice with respect to the globulin component as determined electro- 
phoretically. There were also differences among the mouse strains with respect 
to the total serum protein content. A protein with hemoglobin binding properties, 
i.e. haptoglobin, has been studied in man by Smirures and WALKER (1956). They 
presented family data to support their hypothesis that the synthesis of the hapto- 
globins is under the control of a two allele system. Evidence in support of this 
hypothesis has also been obtained by F. GaLatius-JENSEN (1957). Genetic con- 
trol of protein synthesis is also indicated in the suggestive evidence that the 


1 From the Department of Genetics (No. 722), University of Wisconsin, research conducted 
at the University of Wisconsin. Formerly Postdoctoral Fellow of the National Institutes of Health. 
2 Present address—Agricultural Research Service, Animal Husbandry Division, U.S. Dept. 


Agriculture, Beltsville, Maryland. 
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absence of globulin in man (agammaglobulinemia) is an inherent metabolic 
error, G1TLIn, Hirzic, and JANEway (1956). Genetic variation may also account 
for the differences among individual rabbits in the antigenic components of serum 
observed by Dray and Younc (1958). 

The present paper deals with analyses of the sera of species among the Bovidae 
and Columbidae. Differences between species, species hybrids and backcross 
hybrids were detected with specific antisera in flocculation tests. Electrophoretic 
analyses were also made of the sera of species and their hybrids. These studies 
provide additional evidence for the genetic control of antigenic specificity among 


the serum antigens. 


MATERIALS AND METHODS 


Samples of sera were obtained from cattle (Bos taurus), bison (Bos bison), 
pigeons (Columba livia), ringdoves (Streptopelia risoria). dwarf turtledoves 
(Streptopelia humilis, or tranquebarica hereinafter referred to as humilis) and 
hybrids and backcross hybrids of the following species crosses: bison X cattle; 
ringdove X humilis and ringdove X pigeon. In the Bovidae, cattle were the re- 
current species used to obtain the backcross progeny, in the other matings the 
ringdove was the recurrent parental species. 

Blood samples from the Bovidae were obtained by jugular puncture and from 
the Columbidae by brachial venipuncture. Serum was obtained from the clotted 
blood and stored at —20°C until used. In order to reduce the lipid content of the 
sera of birds and rabbits the animals were starved for 24 hours before bleeding. 
Prior to immunization the sera of the rabbits were tested for the presence of 
naturally occurring antibodies. Such antibodies were found to a titer of two to 
three (log.) for both cattle and bison and also for humilis, pigeon and ringdove. 
Eighteen rabbit normal sera were tested with the sera of Columbidae and six 
rabbit normal sera with the sera of the Bovidae. 

All immunizations were made with the pooled sera or plasma with the number 
included in each pool as follows: bison-93, ringdove-100, Aumilis-30, pigeon-50. 
Injections were made with a total of 6 cc of fluid, 0.2 cc for the first injection and 
0.4 cc every other day until the series was completed. Ten days following the 
final injection the rabbits were bled providing the titer was five (log.) or greater. 
Blood was obtained from the marginal ear vein early in the day and a second 
bleeding was made intracardially later in the same day and the samples of sera 
were pooled. This procedure resulted in greater yields of blood than the use of 
either method alone. 

All fluids used in the flocculation tests were preserved with the addition of 
merthiolate 1:3000. Tubes were made up with equal quantities of antigen and 
antibody solution, incubated at 37°C and scored macroscopically. Preliminary 
flocculation tests were carried out to determine the optimal proportion of antigen 
to antibody at which absorptions were performed. Antisera were exhaustively 
absorbed until the heterologous antigen solution failed to react with the antisera. 
Mixtures of antigen and antibody were incubated at 37°C for periods of one to 
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two hours and then centrifuged for 15 minutes at 2500 rpm in a refrigerated 
centrifuge. In successive absorptions the amount of antigen solution used for ab- 
sorption was halved until the antisera failed to react with the absorbing antigen. 

Free electrophoresis was carried out in the Spinco electrophoresis apparatus 
using the Alberty cell (ALBerty 1948). The duration of the run was 10,800 
seconds and the imposed current was 16 milliamperes across a potential difference 
of 250 volts. Prior to electrophoresis the sera were dialyzed at 4°C for 24 hours 
against sodium veronal, pH 8.6 and 0.1 ionic strength, The concentration of pro- 
tein was initially determined with the use of a Bausch and Lomb dipping refrac- 
tometer. Buffer conductivity was measured with a Wheatstone bridge assembly 
for each run. Measurements for mobility and relative concentration were made on 
the descending portion of the electrophoretic pattern in the case of the bison and 
bovine sera. Since all bird sera examined possessed the 8 anomaly in the descend- 
ing pattern which precluded the use of this pattern in the analysis, the ascending 
pattern was used. The relative proportions of each serum component were de- 
termined from the areas as measured with a planimeter. Each component was 
delimited so as to form a gaussian distribution. The procedure of Smrruies and 
WALKER (1956) was used in making the starch gel electrophoresis runs. 


RESULTS 
Serum antigens differentiating humilis and ringdove 


In flocculation tests anti-humilis sera reacted strongly with the serum antigens 
of ringdove as well as with the homologous sera of humilis. The sera of the two 
species share specificities but can be differentiated following absorption. The 
log, of antigen titer, that is, the titration of antigen with constant antibody con- 
centration averaged nine prior to absorption for the 11 sera or plasma and aver- 
aged five following absorption. The corresponding values for antibody titer were 
5.4 and 1.3.* These data are summarized in Table 1. 

Paired comparisons of absorbed antisera for their reactivity with the sera of a 
given group of hybrids and backcross hybrids were made to determine whether 
any two or more of the antisera were identical. Identical antisera would be ex- 
pected to show complete correspondence in reactivities when comparisons would 
be made of a given hybrid serum with the two antisera in question whereas non- 
correspondence would indicate nonidentity of the antisera. Two antisera which 
showed a high percentage of correspondence would be presumed to share anti- 
body specificities or to possess some measure of cross-reactivity, or both, In all 
the comparisons made there were none in which there was complete correspond- 
ence. There were 28 comparisons, 25 of which showed a noncorrespondence of 
20 percent or greater, the remaining five did not correspond in 7, 13, 13, 14 and 
18 percent of comparisons, respectively (Table 2). The correspondence of the 
latter comparisons was not restricted to one or two antisera but included five of 
the eight antisera tested. It is concluded that no two of the antisera were identical, 
and all will be treated as if they detect different antigenic substances in the serum. 
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TABLE 1 


Titres (to log of base) of sera and plasma prior to and following absorption with 
pooled sera of ringdove 




















: Antigen titer Antibody titer 
Pe Before After absorption Before After absorption 
anti-humilis 
37F, 9 5 6 1 
42F, 9 4 6 1 
43F, 9 5 5 2 
48F, 9 5 5 1 
48F, 9 5 5 2 
51F, 6 4 6 1 
947F, 10 6 7 1 
949F, 10 6 5 1 
961F, 10 - 5 1 
961F 10 7 5 2 
965F, 10 5 5 2 
antiringdove (not absorbed) 
956F 7 6 
962F, 7 6 
965F, 7 6 
antipigeon 
36F, 10 5 ‘5 ‘ 
42F, 8 5 i 7 
43F, 8 5 ‘ m 
48F, 8 7 “ - 
51F, . 5 a _ 
51F, ‘ ot 8 5 
959F, 10 7 5 1 
961F, - 4 ‘ ~ 





— indicates test was not performed. 


Future studies should indicate whether any of the antisera share antibody spe- 
cificities. 

The absorbed fluids were tested with the sera of the humilis x ringdove hybrids 
and backcross hybrids to determine whether the antigens were distributed ac- 
cording to Mendelian expectation. These results are summarized in Table 3. The 
reactions of individual hybrids are included in detailed tables which will be 
furnished upon request*. The sera of the F, hybrids, except two for three antisera 
and one for three other antisera, reacted with the humilis specific antisera as ex- 
pected if the hurnilis parental species has contributed genes to the hybrid which 
are responsible for the serum specificities which distinguish the humilis serum 
from the ringdove serum. If more than one independent gene contributed by the 
humilis parental species is responsible for the antigenic differences between the 
species, then the first backcross generation is expected to contain more birds with 


3 Detailed data for which reference is made in the text will be furnished on request. 
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reactive sera than birds lacking the serum antigens. These would be in the general 
proportion of 2"-1 reactive to one nonreactive bird where “‘n” is the number of 
independent genes and the antisera cannot be used to discriminate between the 
antigenic products of the genes. In subsequent backcross generations the number 
of progeny whose sera are not reactive will increase depending on the number of 
humilis genes present and the genetic constitution of the parents available to 
form the next backcross generation. The number of progeny whose sera are non- 
reactive with Aumilis specific antisera No. 947F,, 949F,, 961F, and 961F; in- 
creases steadily with each successive backcross generation as would be expected 
with the continuous replacement of humilis genes with ringdove genes. 

The data obtained from the reactions of the sera of backcross families possess- 
ing both reactive and nonreactive progeny were tested under the hypothesis that 
segregation had occurred with a ratio of one reactive to one nonreactive progeny, 


TABLE 2 


Degree of identity of anti-humilis sera* 





Percent noncorres 
pondence (number 
of sera compared, einen tenes 


in parenthesis 37F, 43F, 48F, 48F, 947F, 949F, 961F, 961F, 


Antiserum designation 








37 
40 


Be LO OO bo 
Ot WD 
eileen att. 
Wwe nwNK NH S 
* 
mr M 


OK tN MN bo b 
Lbeoaneoases 

~ ms ~ pon 

=e O bo -— 
SSSSE=ESs 

~ ‘ 4 . 
a ad 
* 
mM OM 

rh PS OM Pd: 


64 (11) xX . 

30 (10) xX 

20 (10) xX 
20 (10) : ; 
24 (17) . xX 
7 (14) ; i a 
60 (20) X “ 

42 (21) . xX 

35 (20) xX . 

31 (16) vs : xX vs 
14 (21) ses es x ; 
27 (30) : as aaa ae x 
13 (16) a me oa ae a, 


~ 
Pee PS OM OM Od 


SPS OM OP Od Od 


x 





* The comparison of two antisera is indicated by the presence of two ‘‘X’s’’ on the same horizontal line. 
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TABLE 3 


Summary of flocculation tests of specific anti-humilis sera or plasma with the sera of humilis- 
ringdove hybrids and backcross hybrids 





(Absorbed with sera of ringdove) * 





Anti-humilis sera Anti-humilis plasma* 

















Group 37F y 43F, 4F, 48F, 9478, 949F, 961F, 961F, 
+o +048 +3 +2 +8 +s 
F, , 2 8 2 Ss 7 9 O 7 1 4 1 6 2 6 O 
ist Backcross 3 3 3 4 4 3 3 4 10 O 10 O oF 10 0O 
2nd Backcross 3 8 % 8 4 3 4 - - 7 3 y © MW & 
3rd Backcross 0 10 3 7 1 O ; 6 9 13 4 2 0 3 6s 
4th Backcross 0 8 ss - - - - 7 4 7 +4 ~ - - 
+ indicates progeny whose sera are reactive. 
0 indicates progeny whose sera are not reactive. 
— indicates tests were not performed. 
* For all these antisera, the pooled sera of humilis were reactive and the sera used for absorption, that of ringdoves, 
were not reactive. 
TABLE 4 


A priori test of hypothesis of 1:1 segregation among backcross hybrids of humilis with ringdove 
and bison and cattle 








Expected Observed 
Designation Number With as With aa With» _ With can Probability 
of of reactive nonreactive reactive nonreactive of greater 
antiserum families sera sera sera sera value of x? 
Anti-humilis 
37F, 3 7.0 8.0 6.0 9.0 <i>S5 
43F, 7 10.4 13.6 12.0 12.0 a 
48F, 5 i 9.7 11.0 6.0 <.1>.05 
18F, 4 5.1 6.9 6.0 6.0 <7>5 
947F, 4 4.5 6.5 4.0 7.0 <.7>5 
949F, 5 8.5 10.5 11.0 8.0 <.3>2 
961F, 3 6.5 75 8.0 6.0 <5>3 
Antibison 
43F,, 11 7.9 15.0 10.0 13.0 <5>.3 





the conventional backcross test. ‘The a priori method of BERNSTEIN (STERN 1950) 
was used to determine the validity of the hypothesis. Table 4 lists the observed 
and expected numbers on an hypothesis of a one to one segregation. In all cases 
there was no statistically significant departure from the expected values which 
supports the hypothesis of single gene segregation among the backcross progeny 
for the serum antigens tested. 

The parents of different families were not always alive at the time the progeny 
were tested. It has therefore been necessary to assume that the serum of the 
backcross hybrid parent likewise would have been reactive. In all cases but one 
where the backcross parents were available their sera were found to be reactive. 
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The one exception involved a progeny whose sera reacted faintly (score of one 
with a maximum possible score of seven) at one serum dilution with antiserum 
949F., whereas the parent serum did not react. It was not possible to test the 
serum of the parental hybrid at a lower serum dilution to determine whether the 
serum was completely without activity. 

The small volume of serum which was obtained from each dove precluded the 
absorption of the humilis specific antisera with the reactive serum of each of the 
backcross hybrids. Consequently it is not known whether the same antigen, and 
hence the same gene, is involved in all the families tested with a given absorbed 
antiserum. With antisera 37F;, 43F,, 48F, and 48F; there was apparent segrega- 
tion in each backcross generation so that it appears likely that only a single gene 
is involved. With antisera 947F,, 949F., 961F, and 961F;, it seems likely that 
more than one antigenic substance was identified by the antisera since the first 
and second backcross generations possess a preponderance of hybrids whose sera 
are reactive. It is, therefore, less likely that in these cases the same gene is segre- 
gating in each backcross family but absorption experiments should provide evi- 
dence concerning this question. 

All of the antisera tested differ one from the other when comparisons of the 
flocculation reactions are made and imply as many different serum antigens as 
there are antisera. Through the kindness of Proressor M. R. Irwin who furnished 
data on the erythrocyte antigens it has been possible to make comparisons of 
serum antigens with erythrocyte antigens. The evidence available does not in- 
dicate a common gene origin for a serum antigen and a cellular antigen; the 
segregations in fact suggest loose linkage or independence (Table 5). 


Serum antigens of pigeons and ringdoves 


Additional evidence of segregation of serum antigens was obtained from floccu- 
lation tests of the sera of hybrids and backcross hybrids of pigeons and ringdoves. 
Seven antisera to sera or plasma of pigeons were obtained which possessed an 
average antigen titer (log.) of 8.6 prior to and 5.8 following absorption with 
serum of ringdove (Table 1). The respective antibody titers for two of the anti- 
sera which differentiated the sera of pigeon and ringdove, respectively, were eight 
and five prior to, and five and one following absorption. 

Four of the absorbed fluids were present in sufficient quantities to test the hy- 
brids and backcross hybrids for the presence of segregation. These results are 
presented in Table 6. JTPDD; serum reacted with antiserum 965F; unexpectedly 
since that of his sire JTPD did not. Unfortunately further tests could not be made 
because of death of the bird. The segregations observed in the backcross hybrids 
confirm and extend the findings of Inw1n and CuMLEy (1942) of differences in 
the serum antigens between pigeons and ringdoves. As with the anti-humilis 
sera all of the antipigeon sera appeared to identify different antigens. When anti- 
serum 42F, was absorbed with the serum of each of the four reactive sera of the 
backcross hybrids, or in the case of 43F, with the reactive sera of two of the back- 
cross hybrids, all activity was removed for the other reactive backcross progeny 
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TABLE 5 


Relation of serum antigens to cellular antigens in humilis-ringdove hybrids and backcross hybrids 





Classes* 
Antiserum Erythrocyte 
+0 } 0 0 antigenic factor 


designation ++ 
37F 1 (1) 3(1) 1 
43F, (1) 1(1) 1(1) 
48F, 1(1) 2(1) 2(2) 
48F, 1(1) (1) 3(2) 
51F, 
949F, 
961F, 
961F, 


37F, 
43F, 
48F, 
48F, 
51F, 
949F, 


961F, 


37F, 
43F, 
48F,, 
48F, 
949F, 
961F, 
961F, 
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* Classes: 
+. -+- sera reacting with antisera to erythrocytes and to serum. 
+ 0 sera reacting with antisera to serum but not with antisera to erythrocytes. 
0 + sera not reacting with antisera to serum but does react with antisera to erythrocytes. 
0 O sera not reacting with either antiserum. 
Numbers in parenthesis refer to doubtful reactions. 


and the F, parent; however reactivity was still present for the sera of pigeons. 
The antipigeon sera are therefore complex but each recognized only a common 
substance among the backcross progeny. 


Serum antigens of bison and cattle 


The unique population of hybrids and backcross hybrids of bison and cattle at 
the Range Dominion Experiment Station, Manyberries, Canada made it possible 
to test for segregation of serum antigens in successive generations following the 
species cross. Extensive absorption of five antibison sera with the pooled normal 
sera of cattle yielded one antiserum which reacted specifically with bison serum. 
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TABLE 6 


Flocculation tests of specific antipigeon sera with the sera of pigeon-ringdove hybrids 
and backcross hybrids 





Antiserum designation 





8 
an 
on 


Group Sire Dam Progeny 42F, 43F, 





F, Unknown G587Y 
G587D, 
G587F, 
G587F, 
G587a, 


|++ 
[++++4++4+ 


y 
Aa) 
e+] 


ist backcross JTPD(F,) Ringdove JTPDD, 


= 
~~ 
oO 
Oo 
l+] +++ +] 
+o co]t+++ | o++++4+44| 8 


+o o9+000 o| 


Pooled ringdove sera 
Pooled pigeon sera 


Te pr eh) +) EEL EL 


+o 





The remaining four sera were of such low titer following absorption that they 
could not be used to type the backcross sera. Among the F, hybrids the sera of 23 
reacted with the antibison specific sera and that of one failed to react. Among the 
first backcross, 28 sera reacted and seven did not; in the second backcross popula- 
tion 13 reacted and six did not. These results are indicative of a successive replace- 
ment with genes from the recurrent cattle parent of genes contributed by the 
bison. Typing results with families in which the hybrid parent possessed reactive 
sera and possessed at least one nonreactive progeny were treated in the same way 
as the data from the humilis X ringdove families. The test for segregation among 
the hybrids as presented in Table 3 provides evidence for the hypothesis that 
segregation of serum antigens has occurred among the backcross progeny in ac- 
cordance with a unifactorial mode of inheritance. The presence of large numbers 
of progeny in each generation with reactive sera indicates the presence of more 
than one antigenic difference which differentiates bison from cattle sera. 


DISCUSSION 


The results obtained in this study indicate that the antigenic substances of the 
serum segregate in backcrosses in accordance with a Mendelian mode of inherit- 
ance. Hybridizing species possess serum antigens in common but in addition 
contain species specific antigens. This confirms and extends the results already 
obtained by Cumtey and Irwin (1942, 1952) and CumMtey, Irwin and Cote 


(1941, 1943). 
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If there are species specific antigens, it is expected that all members of the 
species will possess them and that species hybrids would likewise contain the 
substance in their sera. It is also possible that some antigens may be restricted to 
a given species even though these substances are not found in all members of 
that species. It is shown in Table 3 that some F, hybrids possessed sera which 
did not result in flocculation with one or more absorbed antisera. The failure to 
react does not appear to be random with respect to the hybrids involved but the 
data are meagre with regard to this question. There were 56 mixtures of plasma 
or serum and antiserum, of these ten did not result in flocculation. Three hybrids 
together accounted for seven of these and the remaining three were distributed 
among the other hybrid sera. 

The occurence of F; progeny whose sera are not reactive with the different 
antisera suggests segregation of some antigenic substances existing within the 
humilis parental group. An alternative is that quantitative differences are present 
among the hybrids with respect to the amount of a: ‘igenic material they possess. 
Some evidence which bears on this proposal was obtained from measurements of 
the total serum protein of hybrids using a refractometer. The mean percent pro- 
tein of the 38 hybrids and backcross hybrids determined in this way was 4.07 + 
1.4 percent. There was no obvious association between failure to react and low 
serum protein concentration since all F, sera failing to react were either average 
or above average in concentration. This indicates that total serum protein 
content is not a consideration. In order to determine whether the concentration 
of a specific antigen is involved, isolation of the specific antigen which differ- 
entiates the humilis from the ringdove sera will be necessary. A specific anti- 
serum which promotes the optimum production of precipitate could be used to 
test for heterogeneity of antigen concentration among the F, hybrids and the 
parental species and to compare their respective antigen titers. Lacking such a 
serum, nitrogen determinations of the precipitates of F, hybrid sera at constant 
antibody concentrations may provide evidence for heterogeneity. 

An analysis of the sera of members of the parental species would also show 
whether some individuals completely lack the antigen, which would suggest 
heterozygosity. Further evidence would come from intraspecific progeny tests 
of individuals which produce hybrids with nonreactive sera. Intraspecific hetero- 
geneity may also result from the presence of inhibitors. Inhibitors in the serum 
could be detected by testing whether the serum in question inhibits a known 
reactive serum. An hypothesis of interallelic interaction resulting in inhibition 
at a much earlier stage than the formation of serum antigens would require prog- 
eny tests and analyses of embryonic materials for inhibition. 

The serum antigens which distinguish one species from another are in all likeli- 
hood associated with the serum proteins although there is no direct evidence for 
this postulate. In the event that such is found to be the case the differences will 
most likely be manifested in the serum globulins. When free electrophoresis of 
the sera of cattle, bison and their hybrids was conducted, differences were observed 
in the number of globulin components which distinguish bison from cattle and 
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the hybrid from each parent. These differences are most clearly seen in the electro- 
phoretic patterns of Figure 1 in which the diagonal slit angle used was 55° for 
bison and cattle sera and was 65° for the hybrid sera. The complete patterns at a 
lower angle are shown in Figure 2. The details concerning these patterns are sum- 
marized in Table 7. Eight peaks could be distinguished in the globulin pattern of 
pooled cattle sera whereas only six were seen in the electrophoretic pattern of 
pooled bison sera. Some of the hybrid serum patterns contained eight distinguish- 
able globulin peaks. The mobilities of two of the peaks do not coincide with either 
of the parental sera, moving more slowly than the gamma globulin components 
of cattle or bison sera. The sera of three of the hybrids as well as bison serum also 
possessed serum components moving more slowly than albumin, the so-called 
prealbumins. The number of these components in the hybrids is quite variable, 
one hybrid sera possessed three of these components, another possessed two and 
a third possessed one as did the serum of bison. The amount of these components 
is extremely small as judged by the magnitude of the peaks, and therefore slight 





4 
c 


Ficure 1.—Electrophoretic patterns of sera, descending houndary. a. nooled cattle sera. b. 


Pooled bison sera. c. Serum of bison-cattle hybrids. 
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Ficure 2.—Electrophoretic patterns of sera, descending boundary. a. Pooled cattle sera. b. 


Pooled bison sera. c. Serum of bison-cattle hybrid. 


disturbances in the preparation of the serum for electrophoresis will result in the 
absence of these peaks from the electrophoretic pattern. In Figure 3 are presented 
the starch gel patterns of the sera of cattle, bison and the hybrid. The pattern of 
the hybrid possesses more distinguishable components than the sera of either 
parental species. This was not evident from the results of free electrophoresis 
and may be accounted for by the superior resolving power of the starch gel pro- 
cedure. The electrophoretic patterns of the hybrids suggest that the serum con- 
tains all of the proteins present in each parental serum as well as additional 
components only present in the hybrid serum. 

The electrophoretic patterns of humilis-ringdove sera and pigeon-ringdove 
sera are shown in Figures 4: and 5. These are tracings of the electrophoretic pat- 
terns which were made because the photographs contained components too faint 
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to be reproduced. The patterns suggest that the hybrid possesses all of the serum 
protein found in the sera of each of the parental species. 

The albumin-globulin ratios of the species sera as well as the hybrids are pre- 
sented in Table 8. The variation in the albumin-globulin ratios among the hybrids 
presenting values: (a) close to one of the parents as in the case of the bison-cattle 
hybrid, (b) intermediate in value as in the case of the humilis-ringdove hybrid 


tm 


fel = 
mie ina 


Ficure 3.—Starch gel electrophoresis patterns of sera of bison, cattle and their hybrid. a. 

















Pooled sera of cattle. b. Pooled sera of bison. c. Serum of bison-cattle hybrid No. 68. 
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} c } 
a 
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Ficure 4.—Electrophoretic patterns of sera, ascending boundary. a. Pooled ringdove sera. 
b. Pooled humilis sera. c. Pooled humilis X ringdove sera. 
































Ficure 5.—Electrophoretic patterns of sera, ascending boundary. a. Pooled ringdove sera. 
b. Pooled pigeon sera. c. Pooled sera of pigeon-ringdove hybrids. 
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TABLE 8 


Relative concentrations of serum proteins in the sera of species and species hybrids 














Relative Relative Ratio Protein 

Species and number of animals concentration of concentration of of albumin concentration 

in serum pool (in parentheses) albumin in percent — globulin in percent to globulin in percent 
Cattle, female (70) (mean 

of two determinations) 39.72 60.78 65 2.66 
Bison, female (17) 55.80 44.20 1.26 2.31 
Bison, male (93) 52.38 47.62 1.10 1.39 
Bison-cattle hybrids (mean of 

4 hybrids of both sexes) 39.59+4.7 60.41 .66 2.37 
Ringdove (100) 60.43 39.57 1.53 1.07 
humilis (30) 83.30 16.70 4.99 1.11 
humilis « ringdove hybrids (10) 63.79 36.21 1.76 1.09 
Pigeon (23) 61.19 38.81 1.45 1.50 
Pigeon X ringdove (2) 68.84 31.16 2.28 1.19 





and (c) greater than either parental value as it is for the pigeon-ringdove hybrid 
is analogous to the genetic instances of dominance, genes lacking dominance and 
the presence of overdominance. Whether one should expect all of these different 
gene mechanisms to operate on seemingly the same kind of synthesis is a subject 
for much future experimentation. 

The data on electrophoresis indicate that the major genetic differences between 
species lies in their globulins since the hybrids differ from the parental species 
mainly in this serum fraction. Both THompson et al. (1954) and Smirutes and 
Waker (1956) have found a genetic basis for the differences within species 
among the globulins they studied. Species may differ in the other serum com- 
ponents but it seems likely that an intensive genetic study of the globulins will be 
more rewarding at this time. This is especially appropriate for experiments in 
which purified serum constituents are the subject of study. 


SUMMARY 


Specific antisera have been prepared against the serum antigens of humilis, 
pigeon and bison. With these, segregation was observed among the backcross 
progeny of humilis-ringdove, pigeon-ringdove and bison-cattle crosses. An hy- 
pothesis of single gene inheritance for each serum antigen is proposed to account 


for the results obtained. 
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To frequency of spontaneous genic mutations with increasing temperature 
has been reported to increase (MULLER 1928; PLoucH 1941), decrease 
BEALE and FasBerce 1941; RuoapeEs 1941) or remain constant (DEMEREC 1932; 
Wirkin 1953) in different organisms. Temperature effects on the loss of various 
extrachromosomal hereditary determinants have also been reported (PREER 
1948; PrincsHEIM and PrincsHEemm 1952). In the cytoplasmic mutation to 
respiration deficiency in Saccharomyces, Ycas (1956) observed higher mutant 
frequencies in S. cerevisiae strain grown at 40°C than in cultures grown at 30°C. 
Gutz (1957) has reported similar observations with a S. carlsbergensis strain 
grown at 28°C compared to cultures grown at 7°C. Since the growth media 
employed in these studies allowed both respiration deficient (aer) and respiration 
sufficient (AER) cells to multiply, it was not determined whether the increased 
growth temperature induced or selected for the mutants. SHERMAN (1958) has 
offered evidence that the increased frequency of aer mutants in S. cerevisiae 
strains grown at 38°C (compared to 30°C) arose by induction rather than 
selection. 
The current report deals with a study of the temperature dependence of the 
cytoplasmic mutation rate to respiration deficiency in five Saccharomyces strains 


at six growth temperatures between 15°C and 38°C. 


MATERIALS AND METHODS 


The yeasts employed were from the Carbondale collection of inbred Saccha- 
romyces strains. They were chosen for study because their unclustered growth 
habit was appropriate to population analysis. 

The glucose nutrient agar employed routinely was yeast extract-peptone nutri- 
ent agar containing one percent glucose. Stock cultures were stored on this me- 
dium under sterile mineral oil at 4°C. The selective agar differed by the substi- 
tution of sodium lactate (approximately one percent end conc., pH 5.5) for 
glucose. The selective liquid growth medium differed from the latter by omission 
of the agar. For details of media composition see Ocur and St. JoHn (1956). 

Inocula from storage slants were grown 24 hours on glucose nutrient agar. 
Cells were harvested and transferred to 250 ml Erlenmeyer flasks containing 


1 This work was aided by grants from the American Cancer Society and the National Science 


Foundation. 
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50 ml of the selective liquid medium at an initial density of 10° cells per ml. 
Flasks were shaken in Dubnoff metabolic incubators at controlled temperatures. 
Cultures were maintained in exponential phase by repeated transfer. Growth 
rates were estimated from hemacytometer counts. After at least ten generations 
had elapsed, appropriately diluted aliquots were spread on 50 glucose nutrient 
agar plates to yield approximately 200 colonies per plate. After four days of 
growth at room temperature, colonies were overlaid with agar containing 2,3,5 
tripheny] tetrazolium chloride (TTC) yielding red (AER), white (aer) and some 
variegated (mixed) colonies (Ocur, St. Joun and Nacar 1957). Mutant fre- 
quencies were generally estimated as the frequency of whole white colonies after 
TTC overlay. With a highly mutable strain (14940) at elevated temperatures, 
the mutant frequency estimate was affected by postplating growth in the pres- 
ence of glucose. Mutant frequencies at 35°C and 38°C for this strain were 
therefore estimated by differential plate counts on glucose and lactate agar (OcuR 
and Sr. Joun 1956). These estimates were somewhat lower than those obtained 


by the TTC overlay procedure. 

The selective medium allows AER cells to grow and produce either normal 
or mutant offspring, is totally selective against established aer mutants, but allows 
up to five phenomic lag divisions for newly formed aer mutants (OcuR, St. Jonn, 
and Ocur 1959). We have previously shown that where mutant growth and 
back mutation are excluded, continued growth of a population of normal cells 
will produce an equilibrium frequency of mutants which is numerically equal 
to the mutation rate (Ocur, St. Joun, Ocur, and Marx 1959). 
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Ficure 2.—Temperature dependence of 
growth and mutation to respiration deficiency 


strain 14716 x 8256. 
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RESULTS 





Figures 1-5 summarize the growth and mutation rates for the five strains 
studied during steady-state growth in exponential phase in the selective medium. 
The dotted line curves represent reference slopes for Q,,’s equal to 2. The growth 
rate curves are based on points representing mean values calculated from 3-10 
independent estimates at each temperature. It is apparent that these strains exhibit 
conventional temperature dependence of their growth rates in the selective me- 
dium employed, with Q,o’s equal to or slightly greater than 2 in the lower 
temperature range, maximum growth rate at 30°C and diminishing growth 
rate at higher temperature. One strain (13516) failed to grow at 38°C; the other 
strains failed to grow at 40°C in the medium employed. 

Three separate estimates of the mutation rate were generally made at each 
temperature and have been plotted as separate points. The curves obtained are 
qualitatively comparable in the sense that the mutation rate exhibits a negative 
dependence in the low temperature range, then passes through a minimum and 
exhibits a large positive temperature dependence in the higher temperature 
range. It is apparent that both high growth temperature as well as low growth 
temperature enhance the mutation rate. In control experiments with cells incu- 
bated at the same temperatures in the absence of growth, no induction of mutants 
was observed. 

One strain (14940) exhibits a large positive temperature dependence (Qio 
ca. 350) between 30°C and 35°C and another (8324 x 8282) a large negative 
temperature dependence (Q,. ca. — 10) between 15°C and 35°C. Strain 14940 
shows marked instability during growth at 35°C (mutation rate ca. 400 x 10-*) 
at which temperature strain 8324 8282 exhibits a mutation rate comparable to 
several strains (ca. 20 X 10-*). On the other hand, strain 8324 xX 8282 shows 
considerable instability during growth at 15°C (mutation rate ca. 75 X 10-*) at 
which temperature strain 14940 exhibits a mutation rate comparable to several 
other strains (ca. 12 x 10-*). Instability appears therefore to be strain dependent 
and is exhibited in both high and low temperature ranges. 


DISCUSSION 


The requirement for growth in the induction of mutation to respiratory defi- 
ciency has been noted previously with various inducing agents or conditions 
(Epurusst et al. 1949; SHERMAN 1958). The current stuidy confirms and extends 
this to inducing effects of both suboptimal and supraoptimal growth tempera- 
tures. That these effects are due to induction rather than cell selection is inherent 
in the procedure employed. Since the growth medium is totally selective against 
mutant cells. selection for mutant cells is excluded. The low frequency of inviable 
cells also excludes the possibility that selective killing of normal cells could account 
for the increased mutant frequency. The requirement for growth and the muta- 
genic effect of both high and low temperatures also appears to exclude any single 
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interpretation of the data based upon the direct thermal inactivation of a tempera- 
ture sensitive site. 

The irreversible, vegetatively inheritable loss of respiratory competence in 
yeast has been interpreted as the loss or functional inactivation of a semiautono- 
mous factor (particle, site, plasmid) required for the biosynthesis of a component 
of the respiratory system (EpHrusst and Horrrncuer 1950; LEDERBERG 1952). 
This loss mutation has been termed cytoplasmic (extranuclear, extrachromo- 
somal, nongenic, non-Mendelian) because it may not be transmitted through an 
outcross to normal, and because the normal phenotype may be reconstituted 
when the cytoplasmic mutant is crossed to the complementary genic mutant 
(CHEN, Epurusst, and HorrinGuEr 1950). 

The spontaneous cytoplasmic mutation rate may be viewed as the probability 
that a bud will fail to receive any of the inheritable particles. This may be ex- 
pected to depend on the number and distribution of inheritable particles, which 
would depend in turn on the rate at which particles were reproduced compared 
to the rate at which the rest of the cell were reproduced. Balanced growth may be 
viewed as the result of certain growth conditions which maintain essentially the 
same reproductive rate of cells and particles. Unbalanced growth due to differ- 
ences in the reproductive rates of some cellular organelles may lead either to death 
(ConEeN and Barner 1954) if the organelle is essential or to a loss mutation if it 
is semiautonomous and expendable. Reasoning from this widely held theoretical 
mode] of the cytoplasmic loss mutation and the data obtained, one can deduce the 
general shape of the curve of temperature dependence of the reproduction of the 
cytoplasmic particles as represented in Figure 6. The uppermost and middle 
curves are generalized representations of the mutation rate and growth rate 
curves observed in Figures 1-5. The dotted line curve is a generalized curve de- 
duced for the temperature dependence of the reproductive rate of the hereditary 
particles. This must be a maximal curve whose maximum may or may not be 
coincident with the growth rate maximum and whose arms must have steeper 
slopes than the growth rate curve. The coincident region of the two maxima curves 
would represent the condition of balanced growth, where the probability of a 
new cell receiving no particles might be expected to be minimal (the mutation 
rate would be lowest). At higher or lower temperatures, divergent rates of cell 
and particle reproduction (unbalanced growth) might be expected to increase 
the probability of a new cell receiving no particles (the mutation rate would be 
increased). It thus becomes possible to interpret the minimum curve for the 
temperature dependence of the mutation rate as the resultant of two divergent 
maxima curves for the temperature dependence of cell and plasmid reproduction. 


SUMMARY 


The temperature dependence of the cytoplasmic mutation rate to respiration 
deficiency has been studied in five Saccharomyces strains over the range from 


15°C to 38°C. 
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The unusual minima curves obtained may be interpreted as the result of un- 
balanced growth at both low and high temperatures leading to an increase in the 
probability of the irreversible loss of an organelle essential to the biosynthesis of 


the respiratory system. 
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URING studies on cytogenetics of Zea mays hyperploid for chromosomes de- 

rived from Tripsacum dactyloides (Macuire 1957), a 2N +1 stock was 
isolated containing a pair of Zea-Tripsacum interchange chromosomes. One of 
these carried a terminal portion of Zea chromosome 2S attached to a segment of a 
Tripsacum chromosome bearing no apparent homology to any Zea chromosome. 
The reciprocal exchange contained the remainder of Zea chromosome 2 including 
its centromere and a portion of the Tripsacum chromosome (marked by a terminal 
knob) equal in length to the distal segment of Zea chromosome 2S for which it 
had been exchanged in an earlier backcross generation (Figure 1). A normal Zea 
chromosome 2 was present in this stock as well as two apparently normal mem- 
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Ficure 1.—Diagrams showing composition of Zea-Tripsacum exchange chromosomes, the 
various combinations in which they occur and the typical pachytene trivalent configuration of 
2N + 1 knob (+) plants. 


1 This’ work was supported by a grant from the Rockefeller Foundation and by National 
Science Foundation Grant number G7068. 
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bers of each of the other Zea chromosomes. In 2N + 1 plants pachytene trivalents 
(as illustrated in Figure 1) were found with high frequency (about 90 percent). 
In disomic plants the ZT exchange chromosome 2 was commonly paired through- 
out at pachytene with the normal chromosome 2 although pairing failure, usually 
terminal, occurred with varying frequency and extent. Genetic data indicated the 
presence of Zg and G/ genes in the Tripsacum segment. 

With the purpose of finding the physical and genetic length of the Tripsacum 
segment in the ZT exchange chromosome and estimating the degree of its ho- 
mology to the corresponding portion of Zea chromosome 2, the stock was crossed to 
a chromosome 2 “good pachytene” genetic tester carrying recessive /g, (liguleless 
leaf-1), gl, (glossy seedling-2), and v, (virescent seedling-4) alleles. For pachy- 
tene studies microsporocyte samples were fixed in alcohol-acetic 3:1 mixture and 
refrigerated until examined in acetocarmine smears. 


RESULTS AND DISCUSSION 


Genetic studies: To test recombination between the Tripsacum and Zea seg- 
ments 20 chromosome plants with a terminal knob on chromosome 2 were selected 
from the T, progeny and pollinated by the chromosome 2 tester. These plants 
were assumed to be of ZT constitution (as illustrated in Figure 1) since in the 
2N +1 female parent plants trivalents were formed with a frequency of about 
90 percent and their usual configuration was such that there was no opportunity 
for crossing over between Zea and Tripsacum segments. In the T, generation the 
recessives segregated in normal Mendelian fashion (Figure 2), and the Lg and 
Gl genes from Tripsacum appeared fully capable of dominating the recessive 
lg, and gl, contributions from Zea. There was only 0.2 percent recombination, 
however, between the Tripsacum and Zea segments in this region although there 
are 19 crossover units between /g, and g/, on the corn chromosome 2 map (Figure 
3). Possible explanations for this recombination deficiency are that the degree 
of homology or synaptic union was inadequate for crossing over to occur with 
normal frequency, or that a gene acting as a crossover suppressor in this genotype 
was present. If a suppressor was present, its activity may have been directed at 
the region heterozygous for the Tripsacum segment which included Lg-Gl since 
Gl,-V, recombination appeared more nearly normal. It would be difficult to 
distinguish the effect of a suppressor gene active over a limited chromosome 
portion from inhibition of crossing over caused by inadequate homology or 
synapsis, but it is interesting that in 2N + 1 ZZT plants most of the trivalents 
which were formed persisted until anaphase I. Therefore, if it is assumed that it is 
terminalized crossover chiasmata which hold them together until this time, 
crossing over occurred with an extremely high frequency between two corres- 
ponding Zea segments in this region in the presence of the Tripsacum segment. 

Studies of pachytene pairing failure: To examine the degree of homology and 
synaptic union between the corresponding Zea and Tripsacum segments studies 
were undertaken of the frequency and extent of their pachytene pairing failure 


ZEA-TRIPSACUM CHROMOSOMES 197 


FIGURE 2—ZT Segregation: 
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Ficure 2.—Genetic segregation data from progeny of ZT plants pollinated by a tester stock 
homozygous for lg,, gl, and v,. The exchange chromosome 2 of the female parents carried 
dominant Lg and Gi alleles in the Tripsacum segment and V, in the Zea segment, while the 


normal chromosome 2 of these plants carried /g,, gl, and v,. 


in microsporocytes of ZT plants. Surprisingly, it was found that similar pairing 
failures occurred in terminal regions of all the chromosomes of the complement 
and occasionally interstitially as well. Some of these pairing failures are illus- 
trated in Figure 4. In rare cases entire chromosomes were found to be univalent. 
It could not be immediately determined whether this pairing failure represents 
synaptic failure or precocious opening of parts originally paired or some mixture 
of both. Records were kept and measurements made where possible of all detect- 
able pairing failures so that frequencies in the various chromosomes, extents and 
distributions could be compared. Slides were systematically scanned and camera 
lucida drawings were made wherever the clarity of configuration permitted and 
where chromosomes appeared not to be stretched and were flat. The same settings 
of camera lucida, microscope and drawing board were used for all drawings. 
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FIGURE 3—ZT Recombination 
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* Expected recombination in Lg -G/, region=0.19 (Emerson, Beanie, and Fraser 1935). 
+ Expected recombination Gl, V, region taken at 0.35 based on studies by Ruoapes as reported in Emerson, BEADLE, 
and Fraser 1935. Region includes 52 crossover units. 


Ficure 3.—Genetic recombination data from progeny of ZT plants pollinated by a tester stock 
homozygous for /g,, gl, and v,. The exchange chromosome 2 of the female parents carried 
dominant Lg and Gi alleles in the Tripsacum segment and V, in the Zea segment, while the 


normal chromosome 2 of these plants carried /g,, gl, and v,. 


Magnification at drawing board level was measured directly with a stage microm- 
eter. Linear measurements of chromosome drawings were made by stretching a 
flexible wire along the segment to be measured, straightening the wire and 
measuring it against a ruler. Such measurements were found to be reproducible 
to an accuracy of about 99 percent. Chromosomes were identified by means of 
knob markers, relative lengths and arm ratios. The results include records of 
pachytene pairing failure from microsporocytes of 39 disomic plants with a Zea- 
Tripsacum exchange chromosome 2 (referred to as knob (+) plants) and from 
28 disomic plants with apparently all normal chromosomes (called knob (—) 
plants). All plants were progeny of 2N + 1 knob (+) plants which were thought 
to contain an intact (or nearly so) segment from Tripsacum for the reasons 
stated earlier. 

Most of the pairing failures observed were terminal. Only about three percent 
of 8,410 cells analyzed showed intercalary pairing failure, while about 38 percent 
of these cells had at least one terminal failure. 

The distribution of number of plants with various frequencies of pairing fail- 
ures is illustrated in Figure 5. No plant was entirely free of failure. Microsporo- 
cytes from single anthers differed widely in their number and extent of pachy- 
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Figure 4.—Photomicrographs of cells showing chromosome terminal pairing failure at 
pachytene. Magnification is about 1000 x. A.—short pairing failure in bivalent at lower center. 
B.—pairing failures in bivalents at lower left and lower right. C.—short pairing failure in 
bivalent just to the right of center. D.—pairing failure in bivalent at upper right. E.—long 
pairing failure in bivalent extending downward from center right. All of these occurred in the 
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Ficure 5.—The number of plants with various average frequencies of chromosome terminal 


pairing failure at pachytene. 
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tene pairing failures, and nearly all contained at least some cells in which all 
chromosomes were paired throughout. Where there was pairing it appeared 
normally intimate, and chromomeres were as well matched as usual, Further, 
while anthers of a flower differed by as much as 47 percent in frequency of cells 
with pairing failure, anthers from adjacent flowers centrally located on the same 
tassel branch, in the few plants where such comparisons were possible, differed 
by as much as 83 percent. Differences in pairing between plants might be related 
to differences in degrees of homology of parts involved, to differences in the 
amount of heterozygosity they contain, or to other genotypic effects, but they 
could as readily be attributed to sampling differences, since intraplant variation 
was so great. The differences in pairing failures observed here thus appear to be 
due, in large part at least, to response to differential environment of failure-sus- 
ceptible genotype, apparently present in all plants, though the degree of suscepti- 
bility may have differed among them. A number of comparisons and correlations 
of failure distribution were studied and are described. Data from plants which 
undoubtedly differed genotypically were combined in a search for basic behavior 
patterns. These interplant genotypic differences may have been such as to consti- 
tute a source of error. To minimize error, where comparisons were drawn among 
chromosomes of the complement, only those cells were considered where values 
for all chromosomes were available, and for comparisons between cells, averages 
for the various plants were used, so that contributions were equally weighted. 
Nonparametric tests of correlation were applied to avoid the assumption of normal 
distribution (Tare and CLELLAND 1957). 

Complete drawings and measurements were made of all chromosome material 
of 151 cells from 24 plants. In an attempt to find whether the extent of pairing 
failure was dependent on the stage of pachytene advancement observed, the total 
lengths of all chromosomes were added together in each of these 151 cells (and 
averaged for each of the 24 plants involved). Shorter total length is assumed 
generally to mark more advanced stages of pachytene in a given plant, although 
differences in pressure applied in making the squash preparations undoubtedly 
contributed to the variation. These measurements were plotted for each plant 
in Figure 6 against the average total extent of pairing failure per unit length of 
chromosome. A rank difference test of correlation gave an rd (rank difference 
correlation coefficient) of —0.508 for knob (+) plants, —0.670 for knob (—) 
plants (both significant at five percent level), and —0.847 (significant at one 
percent level) for the total of knob (+) and knob (—) plants. A similar compari- 
son of total length and number of terminal failures (Figure 7) gave an rd of 
—0.879 (significant at one percent level) for knob (+) plants, —0.701 (signifi- 
cant at five percent level) for knob (—) plants, and —0.609 (significant at one 
percent level) for the total of knob (+) and knob (—) plants. Similarly the 
average total length of chromosome 2 as compared to its average extent (percent 
length) pairing failure from 125 cells of 16 knobs (+) plants gave an rd of 

0.771, significant at one percent level. All of the 125 measurements are plotted 
in the scatter diagram of Figure 8. In knob (+) plants the average total length 
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Figure 7.—Number of chromosome termi- 
nal pairing failures at pachytene as a function 
of chromosome length. For the total lengths, 
lengths of all the chromosomes were added to- 
together for each cell in which all chromo- _ gether for each cell in which all chromosomes 
somes could be traced, and then all such totals could be traced, and then all such totals were 
were averaged for each of the 24 plants where averaged for each of the 24 plants where 
completely traceable cells were found. In each completely traceable cells were found. The 
cell the extent (percent length) of pairing numbers of terminal pairing failures in com- 
failure was measured for each chromosome pletely traceable cells were also averaged for 
where failure occurred. These percentages each of these plants. The number at each point 
indicates the number of cells for which values 


Ficure 6.—Extent of chromosome terminal 
pairing failure at pachytene as a function of 
total chromosome length. For the total lengths, 
lengths of all the chromosomes were added 


were totaled for each cell and averaged for 
each of the 24 plants to give the average total were averaged to give that point. 
extent of pairing failures. The number at each 

point indicates the number of cells for which 

values were averaged to give that point. 


of chromosome 2 with terminal pairing failure of its short arm was 59 » (125 
measurements) as compared to 73 » (23 measurements) for chromosome 2 with 
no pairing failure in its short arm. These results are evidence that many of the 
pairing failures observed, including those of the short arm of chromosome 2. 
represent dissociation beginning and increasing during pachytene. 

In 63 of the 151 cells completely drawn it was possible to identify all the 
chromosomes. The numbers of terminal pairing failures for each chromosome of 
the corn complement in these 63 cells are plotted in Figure 9 against the relative 
lengths of the various chromosomes. A rank difference test of correlation of num- 
ber of failures to relative chromosome length gave an rd value of +0.700 for knob 
(+) plants and +0.729 for knob (—) plants, both significant at five percent level, 
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Ficure 8.—Extent (percent length) of terminal pairing failure at pachytene of the short 
arm of chromosome 2 in knob (+) plants as a function of its total length. Measurements are 
from 125 cells of 16 plants; 62 of these measurements were from a single plant sample which 


contained an unusually large number of clear sporocytes at pachytene. 
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Ficure 9.—Number of chromosome termi- 
nal pairing failures at pachytene as a function 
of relative chromosome length of the various 
chromosomes of the corn complement. The 
totals for each chromosome are from 63 cells 
of 16 plants where all chromosomes could be 
traced and identified. The relative chromo- 
some lengths are standard values (expressed 
as percent length of chromosome 1). 
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Ficure 10.—Average extent of chromo- 
some terminal pairing failure at pachytene as 
a function of relative chromosome length of 
the various chromosomes of the corn comple- 
ment. The lengths of failures found in 63 cells 
(of 16 plants) where all chromosomes could 
be traced and identified were totaled and 
averaged for each of the ten chromosomes. 
The relative chromosome lengths are standard 
values (expressed as percent length of chromo- 


some 1). 


while their total gave an rd of +0.793 which is significant at the one percent level. 
The average extent of these failures for each chromosome is plotted against rela- 
tive length in Figure 10 with an rd of +0.912 for knob (+) plants, an rd of 
+0.773 for knob (—) plants (if a single instance of complete pairing failure for 
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length) of chromosome terminal pairing failure _nal pairing failures at pachytene as a function 
at pachytene as a function of relative chromo- of chromosome arm ratio. The totals for each 
some length of the various chromosomes of chromosome are from 63 cells (of 16 plants) 
the corn complement. The percent length of | where all chromosomes could be traced and 
chromosome involved was computed for each identified. The arm ratios are standard values. 
terminal pairing failure found in 63 cells (of 

16 plants) where all chromosomes could be 

completely traced and identified. These per- 

centages were then averaged for each of the 

ten chromosomes. The relative chromosome 

lengths are standard values (expressed as per- 

cent length of chromosome 1). 


chromosome 8 is omitted from the calculations) and an rd of +0.852 for the total 
of knob (+) and knob (—) plants (with no omissions). All of these are significant 
at the one percent level. However, the average extent per unit length of these 
failures for each chromosome which is plotted in Figure 11 against relative 
chromosome length gave an rd of +0.491 (not significant at ten percent level) 
for knob (+) plants, and an rd of —0.091 for knob (—) plants and an rd of 
+0.127 for the total of knob (+) and knob (—) plants. Both of these latter rd’s 
are not significant at the 20 percent level. The data suggest that the frequency of 
pairing failure tends to be greater in longer chromosomes, while the extent tends 
in general to be about constant per unit length of chromosome. In view of these 
facts it was tempting to speculate that longer chromosomes begin to dissociate 
earlier than shorter ones with the extension of the dissociation then proceeding at 
an approximately constant rate in all cases. A test of whether failures in later 
stages involve the shorter chromosomes more often than in earlier stages failed 
to support this hypothesis. The test involved a rank difference correlation of stage 
advancement (total length of all chromosomes) in each cell with an index for 
that cell composed of the ratio of the sum of the numbers representing those 
chromosomes of the complement which showed terminal pairing failure to the 
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total number of such chromosomes. The rd of this test was +-0.060. It seems more 
likely therefore, that the proportional distribution of failures among the various 
chromosomes remains about constant throughout pachytene and that not only is 
the frequency of dissociation greater in longer chromosomes, but it also proceeds 
at a faster rate in them once begun. It is probably pointless to speculate at this 
time as to whether the differential behavior of longer chromosomes might be due 
to mechanical difficulties or to chemical effects, such as relative shortage of some 
key substance, or to some other reason. If the pairing failures represent precocious 
opening of synapsed chromosomes before the time for crossing over, they would 
prevent crossing over. If they: represent such an opening after this time, their 
extent in each case might be conditioned by the position of the most distal chiasma. 
Genetic tests of possible crossover reduction and cytological studies of chiasma 
reduction at diakinesis are not practical because of the generally low and variable 
frequency of pairing failure. BarBer (1941) working with Uvularia explained a 
greater effect of temperature shock on chiasma reduction in long chromosome 
arms as due to a time limit of synapsis and greater freedom of movement for short 
arms. Such an explanation for a tendency of longer chromosomes to show more 
pairing failure here would be based on the questionable assumption that the 
failures observed represent initial failure of synapsis rather than precocious 
opening. Rees (1958) found a retardation of meiotic prophase condensation in 
Scilla chromosomes to be more marked in the longer chromosomes of the comple- 
ment. Since this retardation was found in a plant grown under unusual conditions, 
it was interpreted as another instance of greater vulnerability of normal processes 
in longer chromosomes to adverse factors. 

To test whether pairing failure is related to centromere location, a correlation 
test was run of chromosome arm ratio to number of terminal failures (Figure 12). 
The rd for knob (+) plants was —0.525 (not significant at ten percent), for knob 
(—) plants, —0.642 (significant at five percent), and for the total of knob (+) 
and knob (—) plants, —0.447 (not significant at 20 percent). Some negative cor- 
relation of arm ratio to pairing failure might be expected, since, in corn, a rank 
difference test of correlation of arm ratio to relative length gives an rd of —0.636, 
significant at five percent level, and relative length appears to be somewhat 
positively correlated to failure frequency. 

Fragmentary evidence suggests that the pairing failure observed is not related 
to the presence or absence of chromosome knobs. Aside from the Tripsacum 
segment only chromosome 9 may carry a terminal knob in this material. Of 60 
cases of terminal failure in chromosome 9, 27 occurred at the knob end, and of 
these 11 were in plants homozygous for this knob. 

As indicated in Figures 9 and 10 the values for pairing failure in chromosome 
2S in knob (+) plants were markedly higher than for the other chromosomes 
and probably reflect a lesser degree of homology between corresponding Zea and 
Tripsacum segments than between two like Zea segments. The frequency of this 
failure in 3,814 cells was about seven percent, and in measurements from 125 
cells its average extent was 22 percent of the length of chromosome 2. Since the 
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average frequency of terminal failure per chromosome end in 8,410 cells was 
about three percent, this frequency for chromosome 2S was about two and one 
half times the average value. When more measurements are available and these 
can be compared to measurements from trivalents in 2N + 1 plants, the relation 
of the length of the Tripsacum segment to the increase in pairing failure of 
chromosome 2S for which it appears to be responsible may be of interest, The 
occurrence of chromosome 2S pairing failure, however, appears to be weakly 
correlated with occurrence of pairing failure in the other chromosomes. An rd 
of +0.425 was found for ~ »°"! difference correlation of failure of cells with 
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cells with various numbers of chromosome 
terminal pairing failures. 


was significant at five percent level, indicating a tendency for a high frequency of 
chromosome 2 failure to occur with a relatively high frequency of failure for the 
other chromosomes as well. 

To determine the pattern of distribution of pairing failure frequency of cells 
with more than one failure, data were recorded from 8,410 cells as to the number 
of cells with 0, 1, 2,... 11 terminal failures (Figure 14). If it is assumed that 
events of pairing failure of various chromosomes are independent and equally 
probable, the probability that a cell will have N failures is given by the formula: 

ne (N!) (X)e 
(R!) (N-R)! 
where JV is the total number of chromosomes or chromosome ends, R is the num- 
ber of specified failures, and X is the probability that a given chromosome or 
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chromosome end will fail to be paired. In plotting the “expected” curves in 
Figure 14 it was assumed that the probability of failure for a specified chromo- 
some is 0.021 (0.21/10) and for a specified chromosome end 0.0105 (0.21/20), 
where 0.21 is the observed frequency of cells with one terminal failure. The data 
obviously depart from random expectation, suggesting that failures are not inde- 
pendent, or are mutually dependent on other factors, such as conditions accom- 
panying stage advancement or other environmental factors. Also the frequency 
of cells with exactly one failure in which that failure involved chromosome 2S in 
knob (+) plants was 0.13, indicating a bias in i's favor. A similar bias was noted 


for chromosom- 6S which represented ,?? = ~scent of singl< £f—1---ac TTfortunately 
the other Chromosomes could be reliably identified for the most part oly in the 


63 cells where all chromosomes could be identified. The limited information 
available, however, suggests that a higher than average proportion of terminal 
failures also occurred in the long arm of chromosome 1 and in both arms of 
chromosome 9, at least in certain plants. 

The fraction of cells with a chromosome showing terminal pairing failure of 
both ends was 0.0067 as opposed to the 0.0011 expected if the probability a 
specified end will fail to be paired is assumed to be 1/20 the frequency of a single 
terminal failure and failures are assumed to be independent and equally prob- 
able. (The probability that both ends of one chromosome will be unpaired is given 
by the formula NX? where X is the probability a given chromosome end will fail 
to be paired, and N is the total number of chromosome ends. ) 

Necessarily in most slides a number of cells contained chromosomes too poorly 
spread to be classified. Records were kept for each slide of the number of such un- 
classified cells. In a few cases less than five percent of cells were unclassified. The 
fraction of cells with at least one terminal failure from these slides was 1041/2569 
or 41 percent as compared to 38 percent for all recorded data. Unfortunately the 
data amassed from these exceptional slides is inadequate for comparisons of other 
measurements with the grand totals, and so it must be borne in mind that some 
bias may be imposed by selection of classifiable cells. Cells with very large 
amounts of pairing failure are more difficult to analyze and therefore must be 
more frequently rejected than others. 

Although careful comparisons to other stocks have not yet been possible, it is 
thought that the material under study is unusually high in general terminal 
pairing failure at pachytene. The amount of this pairing failure was sufficiently 
low, however, that it could have been overlooked in cursory examination, and 
diakinesis, metaphase and pollen appeared completely normal. Pairing failure is 
commonly observed by those who study corn pachytene slides in the satellite arm 
of chromosome 6 and less often in other usually unidentified regions, To study 
how much the material examined here departed from the normal, other stocks 
both homozygous and heterozygous are currently being examined. The abnor- 
mality was certainly less than that in “asynaptic” corn plants described by 
BeapLeE (1933) and in “asynaptic” plants of other species which have been 
described by many workers. In these the pairing failures are directly attributable 
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to mutants and are often responsible for extreme irregularity at metaphase and 
anaphase I. Commonly only diakinesis, metaphase and anaphase I have been 
studied, and little or no attention has been directed at the earlier stages which 
are usually too complex for interpretation. The pairing failures observed here 
may be due to the replacement of terminal segments of corn chromosomes by 
segments from Tripsacum during the experimental generations. MANGELSDORF 
and Reeves (1939) reported a slight terminal dissociation in the long arm of 
chromosome 2 in a disomic plant of corn-Tripsacum backcross progeny. They 
interpreted this to mean that a short piece of a Tripsacum chromosome had been 
exchanged for a short segment of the end of chromosome 2. A comparatively long 
region in the present study known to be heterozygous for such a replacement 
showed a higher than average amount of failure, but it would be remarkable if 
all regions in which failure occurred were likewise heterozygous for a Tripsacum 
segment. In a few cases entire chromosomes were unpaired. It is possible that the 
presence of Tripsacum chromosome material or the absence of a corn segment 
predisposes a corn nucleus to general terminal dissociation at pachytene. In this 
case it would be necessary to assume that the knob (—) plants of this study (those 
without the Tripsacum segment on chromosome 2) also carried at least one and 
probably more Tripsacum segments (at present unidentified) since these plants 
were very similar in total pairing failure to knob (+) plants. “Asynapsis” has 
been reported in wheat plants carrying an extra rye chromosome by SADANAGA 
(1957), in oats lacking a pair of chromosomes by Husk1ns and Hearne (1933) 
and in monosomic corn by Morcan (1956). In these cases also the amount of the 
abnormality was greater than that observed here. It is interesting that MorGan’s 
plants also showed plasmodial sporocytes, a defect sometimes observed in the 
present study. Since homologous chromosomes may exhibit irregular pachytene 
pairing in slightly unbalanced complements, isolated observations of dissociation 
should not be assumed to indicate lack of homology of parts involved. 

In most of the cases of “asynapsis’” which have been reported a strong de- 
pendence on environmental factors is indicated, as it is here, because of great 
intraplant variation. It should be mentioned that noticeable amounts of terminal 
pairing failure were observed in this material in other generations grown under 
other conditions, although no detailed studies of it was conducted at those times. 

In previous reports of “asynapsis” no analysis of pachytene behavior was in- 
cluded, so it cannot be said whether terminal as opposed to intercalary failure is 
a special peculiarity of this material. 

If pairing failure at the knob end of chromosome 2 in megasporocytes of the 
three plants in which recombination was tested was consistently as high as in a 
few of the microsporocyte samples studied here, it alone could account for the 
rare recombination observed, assuming the chromosomes were unpaired at the 
appropriate time. However, the average frequency of pairing failures observed in 
this region (seven percent) was inadequate to prevent much crossing over. Studies 
of microsporocyte samples from the same plants tested and general comparisons 
of microsporocytes to megasporocytes may resolve the question of whether pair- 








208 M. P. MAGUIRE 


ing failure alone can account for the rare recombination observed between cor- 
responding Zea and Tripsacum segments. 

It is of considerable interest that many of the cells observed in which pairing 
failure occurred might have been interpreted as zygotene stages by one unfamiliar 
with the usual range of length of corn chromosomes at pachytene, and with the 
typical appearance of the corn nucleus at very early meiotic prophase. The fact 
that pairing failure appears to have increased rather than decreased with pro- 
gressive shortening of the chromosomes further argues against a zygotene inter- 
pretation. The question now naturally arises whether most or all of the material 
previously described by others as zygotone may have been erroneously inter- 
preted. Such stages of synapsis in progress as have been. figured may actually 
represent synaptic failure or the opening of previously synapsed chromosomes. 
Material illustrative of “zygotene” is difficult to find, and searchers may have 
inadvertently selected organisms or cells more or less unbalanced or atypical in 
their pachytene pairing behavior for synapsis in progress. Synapsis may, in fact, 
usually be completed during the period traditionally considered premeiotic inter- 
phase. It is at interphase, after all, that chromosomes achieve their greatest linear 
extension. Such a finding would render considerably more plausible the idea that 
crossing over occurs at the time of chromosome duplication, since it now appears 
likely that duplication occurs during interphase (Taytor 1957). 


SUMMARY 


1. Cytogenetic studies were conducted of disomic plants heterozygous for a 
Zea-Tripsacum interchange chromosome 2 in which the segment derived from 
Tripsacum was equal in length to the portion of Zea chromosome 2S for which it 
had been exchanged, and carried loci normally present in this region. It was 
marked by a terminal knob. 

2. Genetic recombination between the corresponding Zea and Tripsacum seg- 
ments was found to be very rare. 

3. These segments were commonly paired at pachytene, but a variable extent 
of pairing failure between them was found in about seven percent of micro- 
sporocytes. 

4. Surprisingly large amounts of terminal pachytene pairing failure were found 
in each of the other chromosomes of the complement (average about three per- 
cent per chromosome end) although the extent and frequency of failure for the 
region known to be heterozygous for Zea and Tripsacum segments markedly ex- 
ceeded all others. Ten apparently normal bivalents were present at diakinesis and 
metaphase I. A detailed analysis was made of the chromosome pairing failures 
found at pachytene. 

5. The extent and frequency of pairing failures for all chromosomes varied 
greatly among anthers of a single flower and among flowers on the same tassel 
branch. Almost all anthers contained some cells in which all chromosomes were 
paired throughout their length, and all plants contained microsporocytes in 
which there was some pairing failure. 
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6. Positive correlations (significant at one percent level) were noted for rela- 
tive chromosome length with frequency and extent of pairing failure. Negative 
correlations (significant at one percent level) were found for stage of advance- 
ment (as measured by total length of chromosomes) with extent and frequency 
of pairing failure suggesting that dissociation occurred during pachytene. 

7. The frequencies of cells with various numbers of terminal pairing failures 
indicated a contagious pattern with higher than expected frequencies of cells with 
larger numbers of failures, assuming failures to be independent and equally 
probable. 

8. It is suggested that much of the pairing failure observed here may be the 
result of irregular dissociation of homologous parts in a slightly unbalanced 
chromosome complement. Caution is advised in interpretation of isolated observa- 
tions of pairing failure as indicating lack of homology of the parts involved. 

9. It is also suggested that most or all of the material previously described as 
zygotene may represent erroneously interpreted synaptic failure or precocious 
opening, and that synapsis may usually occur during the period traditionally 
considered premeiotic interphase. It is pointed out that the idea that crossing over 
occurs during chromosome duplication would be rendered more plausible by such 


a finding. 
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8 Kner chemical constitution of a number of the pteridines that occur in Dro- 

sophila has now been determined, but there is still considerable ignorance 
about the structures of the red pigments of the eyes (the drosopterines), which, 
however, appear to be pteridines. The postulated precursors to these pigments 
have been structurally characterized (Forrest, HATFIELD and VAN BAALEN 
1959). A discussion of the present knowledge of the red pigments has recently 
been given (VisconTINI 1958). 

The major metabolic pathways and the functions of the pteridines in this 
organism remain to be determined. The enzymatic conversion of 2-amino-4- 
hydroxypteridine to isoxanthopterin has been described (Forrest, GLASSMAN 
and Mitcueit 1956; Nawa, Tarra and SaKacucuti 1958) and two mutants 
which lack this activity have been studied (Forrest, GLAssMAN and MITCHELL 
1956; GLAssMAN and MitcHELL 1959). At present no other naturally occurring 
pteridine has been reported to undergo enzymatic conversion by extracts of this 
organism. 

The two mutants, maroon-like and rosy*, which lack the ability to convert 
2-amino-4-hydroxy pteridine to isoxanthopterin and hypoxanthine to xanthine to 
uric acid, are characterized by a dull brown eye color phenotype, reduced viabil- 
ity and abnormal accumulation and deficiencies of pteridines and purines 
(Forrest et al. 1956; Haporn and Scuwinck 1956a.b; MiTrcHELL, GLASSMAN 
and Haporn 1959). The mutant rosy” has been shown to have a nonautonomous 
development of eye color (HaporN and ScHwinck 1956a,b; Haporn and Grar 
1958). Thus rosy* eye anlagen implanted into wild type hosts develop a dro- 
sopterine phenotype identical to wild type. Moreover implants of wild type 
Malpighian tubes into rosy* hosts caused the drosopterine content in the host’s 
head to approach that of wild type. Wild type eye discs implanted into rosy* 
hosts develop nonautonomously. maroon-like when tested as a heterozygote 
produced a gynandromorph exhibiting nonautonomous eye color development 
(GLAssMAN, unpublished). It should be added that maroon-like and rosy* are 
phenotypically indistinguishable and their pteridine and purine accumulations 
and deficiencies are identical. 

The present paper is concerned primarily with the mutant maroon-like. In 
particular this sex-linked mutant has been more precisely located, quantitative 
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measurements of the pteridines in this mutant and in wild type have been made, 
and the lack of xanthine dehydrogenase activity and the reduction in drosopterine 
content in the mutant have been studied. By the use of C’* labeled 2-amino-4- 
hydroxypteridine more precise information about the location of xanthine dehy- 
drogenase and about the in vivo participation of the labeled compound has been 
obtained. The two mutants, which apparently control the synthesis of the same 
enzyme, afford a unique opportunity to study the level of enzyme activity in the 
heterozygous and double heterozygous condition. 


MATERIAL AND METHODS 


Linkage data 


maroon-like (ma-l) was recovered in a single male offspring of an X-rayed 
wild type male (Ottver, in Brinces and BreHME 1944). Preliminary mapping 
placed the mutant locus near vermilion (1—33.0). Further investigation indi- 
cated a locus to the right of Beadex (1-59.4) (GLAssMAN, unpublished). In a 
preliminary paper (GLAssMAN, Hussy and MitcuHe ui 1958) it was reported 
that the progeny from females with a wild allele of maroon-like exhibit a mater- 
nal effect. The male progeny from a cross of an attached-X female (homozygous 
for the wild allele of maroon-like) with maroon-like males unexpectedly showed 
a wild type eye color although genetically they were maroon-like. Similarly all 
progeny of a cross of heterozygous maroon-like females with maroon-like males 
were phenotypically wild type even though a 1:1 ratio of wild type to maroon- 
like was expected. 

The maternal effect limits the standard method of recombination analysis. 
This may be circumvented by an analysis of the chemotype (chemical expres- 
sion of a genotype) obtained by paper chromatography. Thus the usual pheno- 
typic classification of the markers employed in a cross can be supplemented by 
making a chromatogram of the classified individuals. The maroon-like genotype 
produces only trace amounts of isoxanthopterin while the wild type maroon-like 
allele produces easily discernible amounts of this compound. Thus a division of 
the classes is possible. Classification of this sort may be performed with any 
marker that contains the wild type amount of isoxanthopterin. Thus in the cross 
below, the eye color mutant raspberry? was phenotypically indistinguishable 
from the double mutant raspberry”, maroon-like but chemotypically this double 
mutant lacked the wild type amount of isoxanthopterin that is characteristic of 
raspberry”. 

A preliminary cross was made as follows [where y = yellow (1-0.0), ct’ = 
cut® (1-20.0), ras? = raspberry” (1—32.8), f° = forked* (1-56.7) and m = minia- 
ture (1—36.1) ]: 

P, y ct’ ras? f? 22 X mma-l é 
F, y ct* ras? f? 22 X mma-l 3 3 


m ma-l 


The F. males were scored according to the procedure described above. The results 
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indicated that maroon-like was situated 12.7 + 2 crossover units to the right of 
f* (1-56.7). 

A more exhaustive analysis was then made using Beadex* (Bx’) as the most 
distal, well located marker. There were 95 recombinations between maroon-like 
and Beadex® out of 1,212 individuals scored. This places the locus of maroon-like 
at 67.2 + 0.7 on the X chromosome. This analysis also demonstrated that the 
mutant is about 0.7 as viable as Beadex* (fully viable). 


The chemoty pe of maroon-like 


The drosopterines: These pigments are a complex of at least three compounds 
(VisconTiIn1, Haporn and Karrer 1957). Their pteridine nature was clearly 
demonstrated by Forrest and MircuHeixi (1955), and has been recently con- 
firmed (VisconTINI et al. 1957). Viscontin1 (1958) designates the three com- 
ponents as drosopterine, isodrosopterine and neodrosopterine. A fourth pigment, 
red rather than orange, has been demonstrated in this work by electrophoresis. 
The chemical constitution of these compounds is unknown. 

The mutant maroon-like clearly has reduced amounts of visible pigments in 
the eye. In order to determine how the three drosopterines and the red compo- 
nent are affected, the following experiment was performed. One to six heads of 
three-day-old Canton Special wild type males were squashed compactly on paper 
electrophoresis strips. The strips were placed in a Spinco Durrum Cell and a 
potential of 400 volts was applied to them for four hours. Two percent acetic 
acid was used as the electrolyte. The four components were well separated under 
these conditions. Standard curves for each pigment were made using a paper 
densitometer (Photovolt Model 525). Eight sets of ten, three-day-old maroon-like 
male heads were treated in the same manner, and the densitometer readings of 
the four components were recorded. These values were compared with the stand- 
ard curves made from wild type heads and are represented in Figure 1 as the 
percentage of the pigments in the mutant as compared to wild type. Maternally 
affected maroon-like individuals were also tested in this manner (first and four- 
teenth day emergence). There is a simultaneous and proportionally equal 
reduction in all four of the pigments in the mutant, and maternally affected 
individuals have a complete restoration of these pigments on early emergence. 

Other pteridines: Quantitative measurements were made of isoxanthopterin, 
2-amino-4-hydroxypteridine and biopterin in wild type, maroon-like and mater- 
nally affected maroon-like (first and fourteenth day emergence). In these tests 
two dimensional chromatograms were necessary to separate 2-amino-4-hydroxy- 
pteridine from biopterin. Individual flies of an appropriate age were placed in 
boiling water for two minutes, dried on filter paper and squashed three milli- 
meters from each edge on a 9 X 11” sheet of Whatman’s No. 1 chromatographic 
paper. Ascending chromatograms were developed in the first dimension with 
n-propanol:1% ammonia (2:1). The chromatograms were developed for 12 to 
16 hours at room temperature. All chromatography and drying were done in 
the dark. After being run in the first dimension the chromatograms were air 
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Ficure 1.—Quantitative estimations of the pteridines in wild type and maroon-like male 
adults. A = One day old Canton Special wild type male. B = One day old maroon-like male. 
C = One day old maroon-like male from a wild type attached~X female. D = One day old 
maroon-like male from a wild type attached—X female from a culture fourteen days after first 
emergence. Isoxanthopterin was determined with a Corning No. 5860 filter (primary) and a 
Farrand 415 my interference filter plus a Corning No. 3389 (secondary). Biopterin and 2- 
amino-4-hydroxypteridine were determined with a Corning No. 5860 filter (primary) and a 
Farrand 454 my interference filter plus a Corning No. 3389 (secondary). 


dried. The solvent used in the second dimension was five percent acetic acid. 
This solvent, while tending to spread the fluorescent materials has the advantage 
of separating 2-amino-4-hydroxypteridine from biopterin. 

Quantitative measurements were made as follows: the fluorescent materials 
were viewed with a Mineral-Light ultraviolet source (principle emission 365 
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my.), the appropriate areas were circled, marked, and the paper was cut out and 
placed in 10 mm test tubes. Two milliliters of one percent ammonia were added 
to each tube and the material was allowed to stand for three hours (with occa- 
sional shaking). Blanks cut from the same paper as the sample were employed 
at all times. Standard curves for each of the three compounds were made by plac- 
ing known amounts of the pure compounds on chromatographic paper and per- 
forming the same chromatographic techniques that had been used for the 
biological material. 

All fluorescent measurements were performed with a Farrand Model A Fluor- 
ometer. The da‘a is given in Figure 1. It can be seen that concomitant with the 
drop in red pigments and the total elimination of isoxanthopterin, there is a 
marked increase in 2-amino-4-hydroxypteridine and biopterin. In the mater- 
nally affected individuals (first day emergence) the red pigments are present in 
normal amounts; there is a trace amount of isoxanthopterin, and 2-amino-4- 
hydroxypteridine and biopterin are still relatively elevated. There is no maternal 
effect in maroon-like individual from 14-day-old cultures. 

A fifth pteridine of interest in this study, sepiapteridine, was impossible to 
measure accurately because of its photolability, adhesion to chromatographic 
paper and lack of a pure standard. From visual inspection of chromatograms, 
maroon-like showed a three- to four-fold accumulation of this compound when 
compared to wild type. 

Injection of isoxanthopterin, xanthine and uric acid into maroon-like flies 

In maternally affected males from heterozygous maroon-like females or homo- 
zygous wild type attached-X females, the complete restoration of the drosopter- 
ine content is observed while traces of isoxanthopterin and uric acid are present. 
Since these are products of the action of xanthine dehydrogenase in this organ- 
ism and since it has been shown that traces of xanthine dehydrogenase are pres- 
ent in maternally affected maroon-like individuals (GLAssMAN and MircHELL 
1959b), it was thought that the restoration of red pigment might be due to the 
presence of these compounds. The minute quantities present in the maternally 
affected flies suggest that any possible contribution would be of a catalytic nature. 
Such a suggestion for isoxanthopterin and uric acid has been made (Forrest and 
MircHewy 1955). Accordingly maroon-like male third instar larvae were injected 
with isoxanthopterin, xanthine and uric acid. 

Saturated solutions of the three compounds were injected into the larvae 
employing modifications of the older method (EpHrusst and BEADLE 1936) sug- 
gested by H. K. Mircuety (to be published) and one of the authors. After 
injection the larvae were washed thoroughly and placed on moist filter paper in 
a food vial where they were allowed to develop. Control larvae were squashed 
directly after washing. on chromatography paper to determine the amounts of 
the compounds actually injected. After emergence the phenotype was deter- 
mined and then the fly was chromatographed in the usual manner. 

Isoxanthopterin was located on the chromatogram in the usual manner and 
the quantity of this material present was determined fluorometrically. Uric acid 
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was detected by spraying the chromatograms with N,2,6-trichloro-quinoneimine 
(Bray, THorPE and Wuirte 1950). Xanthine was not determined in injected 
flies because of the lack of a sensitive specific test. In the compounds tested for, 
there was no difference in the amount of the material present in emerged adults 
and the amount present in the larval controls. The quantities observed in the 
adult flies were comparable or exceeded the amount present in maternally affected 
individuals. There was no detectable change in drosopterine content in any of 


the experimental material. 


Injection of C™ labeled 2-amino-4-hydroxy pteridine into wild type larvae 

The metabolic relationship of the simpler pteridines i.e., 2-amino-4-hydroxy- 
pteridine, xanthopterin and isoxanthopterin to the pteridines with side chains 
at the 6 position is unknown. In an effort to determine whether 2-amino-4-hy- 
droxpteridine served a role other than that of presumed precursor to isoxanthop- 
terin (Forrest, GLAssMAN and MitcHexi 1956), this compound was synthe- 
sized through 2-amino-4-hydroxy-6-tetrahydroxy butylpteridine from D-glucose- 
U-C™* (Forrest and WALKER 1949). The tetrahydroxy compound was oxidized 
to the 6-carboxy compound which was in turn converted to 2-amino-4-hydroxy- 
pteridine by the action of sunlight. This results in uniform labeling of the 6 
and 7 positions. 

A saturated solution of this material was injected into 25 wild type third instar 
larvae. Nineteen adults emerged and were squashed in one compact spot on 
Whatman’s No. 3 chromatographic paper. A descending one dimensional chro- 
matogram was made using n-propanol: 7% ammonia (2:1) as solvent. Using the 
radioautographic technique and allowing contact between the X-ray plate and 
the chromatogram for 21 days only two areas of radiation were observed. These 
corresponded to the fluorescent areas of 2-amino-4-hydroxypteridine and isoxan- 
thopterin. As a further check the areas corresponding to the drosopterines, iso- 
xanthopterin. sepiapteridine, 2-amino-4-hydroxypteridine, biopterin and all the 
nonfluorescing areas were cut out and eluted into planchets. The amount of 
radioactive material present in these samples was determined on a Nuclear 
Chicago Counter. Table 1 clearly shows that isoxanthopterin only arises from 
2-amino-4-hydroxypteridine. No radioactivity is incorporated into any of the 
other pteridines. 

A second experiment using two dimensional chromatography (same solvents 
as before) and radioautography for periods up to seven weeks produced the same 
results. The first condensation product in the chemical synthesis of 2-amino-4- 
hydroxypteridine (2-amino-4-hydroxy-6-tetrahydroxybutylpteridine) was also 
injected into larvae. As revealed by the same techniques, no metabolic transfor- 
mation of the compound occurred. 


Location of xanthine dehydrogenase in Drosophila 


The report of Haporn and ScHwinck (1956a) on the mutant rosy indicates 
clearly nonautonomous development in drosopterine biosynthesis. The authors 
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TABLE 1 


Distribution of carbon'+ labeled 2-amino-4-hydroxypteridine following 
injection into wild type larvae 





Pteridine Counts per minute* 








Drosopterines 0 
Isoxanthopterin 137 
Sepiapteridine 0 
2-amino-4-hydroxypteridine 168 
Biopterin 0 

0 


All other areas 





* Corrected for background 


concluded that an agent, “rosy? Stoffe”, found outside the eye plays an important 
role in the formation of the drosopterines and that the mutant rosy? is unable to 
produce this agent in normal amounts. Apparently wild type Malpighian tubes 
can produce sufficient quantities of “rosy? Stoffe” themselves to affect the syn- 
thesis of the drosopterines in a rosy” host. The phenotypic and chemotypic identity 
as well as the lack of the same enzyme in maroon-like and rosy” (also the gyn- 
andromorph nonautonomy of maroon-like) have already been stated. Thus it 
seems reasonable to conclude that the drosopterine reduction in maroon-like is 
also the result of a deficiency in a material similar or identical to “rosy* Stoffe”’. 
A reasonable deduction would be that the enzyme and “rosy? Stoffe” are identical. 

Hence it was of interest to know if there is a localization of xanthine dehydrog- 
enase in an organ or organ system, particularly in the Malpighian tubes. For 
added accuracy and because of the small size of the organs, 2-amino-4-hydroxy- 
pteridine-6, 7-C'* was used as substrate for the assay of the enzyme in these 
experiments. One-day-old wild type males were etherized and chilled in a beaker 
of ice. The flies were dissected singly in a drop of 0.1 M “Tris” buffer pH 8.0. The 
various organs were removed to individual chilled Ten Broeck grinders. Any 
mutilated organ was rejected. After each dissection the remainder of the fly and 
the buffer used for dissection were also placed in a chilled grinder. Twenty indi- 
viduals were dissected for each experiment. Next the different parts were 
thoroughly ground in 0.5 ml 0.1 M “Tris” buffer at pH 8.0. Twenty undissected 
individuals ground in the same manner were used as a control for total enzyme 
activity. Boiled ground flies were used in each case for blank measurements; 1 pg 
of 2-amino-4-hydroxypteridine-6, 7—C'* and 2 »g diphosphopyridine nucleotide 
(abbreviated DPN*+ hereafter) were added to all samples. The mixture was incu- 
bated for one hour at 25°C. Then 1 »g of unlabeled isoxanthopterin was added to 
each sample. The samples were placed on Whatman’s No. 3 chromatographic 
paper and developed in a descending chromatogram with n-propanol:7% 
ammonia (2:1). After location of the substrate and product by their fluorescence, 
they were eluted from the paper and their radioactivities determined as before. 

In the first experiment the heads, testes (with accessory gland), gut and the 
remainder of the fly including the Malpighian tubes were tested separately. Es- 
sentially all the activity was found in the remainder (Table 2). In the next ex- 
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TABLE 2 


Xanthine dehydrogenase activity of various organs in wild type Drosophila as measured by the 
production of isoxanthopterin from carbon-1+ labeled 2-amino-4-hydroxypteridine 





Counts per minute* 

















Organ Pteridine 
Experiment 1 

Head 2-amino-4-hydroxypteridine 7441 
isoxanthopterin 9+ 

Testes 2-amino-4-hydroxypteridine 694 
isoxanthopterin 0 

Gut 2-amino-4-hydroxypteridine 711 
isoxanthopterin 13+ 

Rest 2-amino-4-hydroxypteridine 455 
isoxanthopterin 767 

Whole 2-amino-4-hydroxypteridine 562 
isoxanthopterin 99+9 

Experiment 2 

Malpighian tubes 2-amino-4-hydroxypteridine 643 
isoxanthopterin 17+ 

Rest 2-amino-4-hydroxypteridine 583 
isoxanthopterin 92+8 

Whole 2-amino-4-hydroxypteridine 512 
isoxanthopterin 108+8 

* Corrected for background. 


ot significant. 


periment only the Malpighian tubes were removed from the flies. Again the two 
parts of the animal were assayed separately. Little activity is accounted for by 
the Malpighian tubes (Table 2). 


Xanthine dehydrogenase 


Forrest, GLASSMAN and MitcHE ut (1956) demonstrated that extracts of wild 
type stocks of Drosophila melanogaster contain enzyme activity for the conver- 
sion of 2-amino-4-hydroxypteridine to isoxanthopterin, xanthine to uric acid and 
xanthopterin to leucopterin. Later, GLaAssMAN and MitrcHEti (1959) showed 
that this activity can be ascribed to a xanthine dehydrogenase rather than to a 
xanthine oxidase because well dialyzed and purified preparations require 
methylene blue or DPN*+ for activity. Nawa, Tarra and SaKacucui (1958) 
drew the same conclusion. In this report it was found that extracts treated with 
sufficient activated charcoal to remove the last traces of fluorescent materials 
were essentially devoid of activity without adding an electron acceptor such as 


DPN*. 
Assay method 


In a preliminary study for an assay system, it was decided to measure the 
increase in optical density at 340 mp resulting from the reduction of DPN* to 
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reduced diphosphopyridine nucleotide (abbreviated DPNH hereafter) during 
the reaction. Zero to one-day-old adult flies were used at all times. The flies were 
stored at —20°C for periods up to several weeks. No loss of activity was noted with 
flies stored three or four months; however, flies stored for a period of one year had 
lost 75 per cent of their activity. 

For enzyme extraction one part of the frozen flies was ground with five parts 
(w/v) ice cold 0.1 M “Tris” buffer, at pH 8.0, in a Ten Broeck grinder, The flies 
were ground for three or four minutes with precaution taken to keep the grinder 
and its contents ice cold. The slurry was then centrifuged in a Spinco refrigerated 
centrifuge for 20 minutes at 20,000 rpm. Next the supernatant was carefully 
removed from between the lipid layer and the pellet, and treated with charcoal. 


Charcoal treatment 


Drosophila contains relatively large amounts of different pteridines and purines 
which must be removed before assaying extracts for xanthine dehydrogenase 
activity. Dialysis against repeated changes of buffer necessitates up to 48 hours of 
treatment before the last traces of fluorescent materials are removed. This pro- 
longed dialysis results in a 20 to 50 percent yield of enzyme activity as compared 
to charcoal treated controls. This procedure was discarded as a routine method. 
It was found that the addition of Darco Grade 60 activated charcoal at 0.5: 1 
(w/w) to flies effectively removed all coloring matter and fluorescent material 
from the extract. Little or no loss of activity results from this treatment as judged 
by production of isoxanthopterin from excess 2-amino-4-hydroxypteridine in 
treated and untreated material. 

In practice the supernatant from the first centrifugation was slowly poured into 
a centrifuge tube containing the activated charcoal. This suspension was slowly 
mixed and allowed to stand for several minutes at 0°C, Then this mixture was 
centrifuged for 20 minutes at 20,000 rpm. The final supernatant was removed 
and used as the source of the enzyme. 

0.1 M “Tris” buffer was used at all times, The assay mixture contained from 
0.1 to 0.2 ml extract (1 to 2 mg protein/ml) in a total volume of one milliliter. 
Under the conditions of the experiments there is no measurable reduction of 
DPN+ without addition of substrate (hypoxanthine or xanthine). The charcoal 
treated extracts do not oxidize added DPNH at any appreciable rate unlike un- 
treated extracts (NEGELEIN and ScHon 1957). Activity is expressed by positive 
change in optical density at 340 mp»/minute/mg protein. The protein was rou- 
tinely analyzed by the method of Lowry, RosEBroucH, Farr and RANDALL 
(1951). 

All final determinations were made using a Beckman DU Spectrophotometer 
with an ERA recording attachment. Hypoxanthine was used as substrate. 
Xanthine is also oxidized under these conditions but at approximately one third 
the rate of hypoxanthine. These rates were determined during the first three or 
four minutes after addition of the enzyme while the process was linear. The 
temperature was controlled at 35°C. The pH optimum for the reaction is near 
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8.0. The optimum concentration for DPN*+ is unity with respect to hypoxanthine 
concentration. The reaction rate increases with increase of substrate concentra- 
tion to 1.5 X 10-* M hypoxanthine. Within limits the reaction is proportional to 
enzyme concentration. 

For the analysis of the level of enzyme activity in different genotypes, the 
following large scale crosses were made: Canton Special wild type females with 
maroon-like males; wild type females with rosy* males; maroon-like females with 
rosy” males. The cultures were raised at 25°C. The female progeny from the above 
crosses were collected for three days and stored in a deep freeze for further use. 
They have been used exclusively in this analysis. The extracts were prepared as 
stated above. Several substrate concentrations were used, and they were all 
mutually consistent. The data reported here is for the optimum concentration of 
1 x 10-* M. In every assay three identical estimations were made for each geno- 
type. The assay was repeated a number of times with reasonable consistency 
between them. Results are given in Table 3. 











TABLE 3 
Xanthine dehydrogenase level in different genotypes 
Genotype Activity* Ratio to wild type 

a dt x er de 0.110 1.0 

ma-l/+; +/+ 0.073 .67 
wr aL 1 as 0.058 53 
ma-l/+; ry?/+ 0.040 36 
+/+; Int/+ 0.049 4 
+/+; In/ry? 0.010 .09 

* Positive change in optical density at 340 muz/minute/ milligram protein and in agreement with several independent 


determinations. 


+ In (3RC; 3LP) Sb e*. 


It was noted in a cross between rosy” females with Jn (3RC;3LP) Sb e* males 
that all progeny carrying the Stubble (Sb) marker were phenotypically rosy’. 
Subsequent crosses involving this inversion repeatedly gave the same results. 
Quantitative estimation of the pteridines in the heterozygotes revealed no differ- 
ence in chemotype between them and rosy* homozygotes. The inversion hetero- 
zygous with wild type reveals no substantial difference between this inversion 
and wild type. 

Salivary gland chromosome analysis of the inversion shows breaks in the left 
arm in the middle of 63 C and at 72 E 1-2 and in the right arm just before 92 E 
and following the medium doublet 100 F 1-2 (Morcan, Bripces and ScHuLtTz 
1937). The locus for rosy” has not been determined with exactitude. Haporn and 
GraF (1958) state its location as 3-51 + 8. Consequently the possibility exists 
that one of the breaks (more likely the break at 92 E) in the inversion could be at 
or very near the rosy” locus thus resulting in a deletion or alteration of the gene. 
Another possible explanation of this interaction is that the inversion could be 
carrying a mutant allele of rosy*. Unfortunately the inversion carries a recessive 
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lethal factor and this possibility cannot be tested as yet. However, individuals 
heterozygous for the inversion and for rosy” or wild type could be tested for xan- 
thine dehydrogenase activity. The flies were collected as before and assayed for 
enzyme activity. Results are presented in Table 3. 


DISCUSSION 


In part the chemotype in the mutant maroon-like can be explained by the lack 
of xanthine dehydrogenase activity in the mutant. The increase of 2-amino-4- 
hydroxypteridine and hypoxanthine and the absence of isoxanthopterin and uric 
acid are a direct result of the lack of enzyme. However the increase in biopterin 
and in sepiapteridine are not directly explainable by the lack of the enzyme. The 
reduction, but not lack of drosopterines in maroon-like concomitant with the lack 
of isoxanthopterin and uric acid make it unlikely that either of these compounds 
is a precursor to the drosopterines. The lack of response to injected isoxanthop- 
terin, xanthine and uric acid lends further support to this assertion and negates the 
idea that they are involved catalytically in the formation of the red pigments. 
Haporn and Grar (1958) report that injection of isoxanthopterin into the rosy” 
mutant has no effect on the drosopterine content. The nonlabeling of the drosop- 
terines or any other complex pteridine component in Drosophila following injec- 
tion of C™ labeled 2-amino-4-hydroxypteridine rules out this compound as a pre- 
cursor to the red pigments or any other pteridine except isoxanthopterin. 

The simultaneous and proportionally equal reduction of the three drosopterines 
and the red component suggests either a common precursor for all four of these 
components or a common reaction leading to their formation. Evidence for the 
first suggestion has been obtained (ViscontTin1 1958). The three drosopterines 
are interconvertible when in a reduced form, thus suggesting the possibility of a 
common intermediate to these pigments. Support for the second suggestion was 
gained by the study of the accumulation of the two yellow pigments in the mutant 
sepia (Forrest, HatrreLp and VAN BaaLeNn 1959). The major component, 
sepiapteridine, and the second pigment are present in great excess over the 
amounts found in wild type flies. There is a complete absence of red pigments in 
this mutant (HAporN and MircHe i 1951). But until the structure of the drosop- 
terines are known, these relationships are still obscure. 

If an intermediate or a component of a common reaction step in the biosynthesis 
of the drosopterines is available in reduced amounts in maroon-like and rosy’, 
its identity and causal relationship to the lack of xanthine dehydrogenase is un- 
known. The equation of “rosy* Stoffe’’ with the enzyme seems to be unwarranted 
on the basis of the low enzyme level in the Malpighian tubes. 

One common feature between the lack of xanthine dehydrogenase activity and 
the reduction of drosopterine content in maroon-like and rosy* should be pointed 
out. In the reactions, 2-amino-4-hydroxypteridine > isoxanthopterin and hypo- 
xanthine xanthine — uric acid, DPN+ has been shown to be an obligate co- 
factor in Drosophila (GLassMAN, Forrest and MrrcHexi 1957; Nawa, Tatra 
and Sakacucni 1958; and this study). This conclusion was drawn from both 
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in vitro and in vivo studies. DPNH is produced by these reaction steps. If one of 
the reactions in the biosynthesis of the drosopterines required DPNH for its 
occurrence, the quantity of this material at the site of pigment synthesis might 
be limited in both maroon-like and rosy*. There are several features of this sug- 
gestion that make it reasonable. First, it has been demonstrated that the in vitro 
interconversion reactions of the drosopterines only occur when these compounds 
are in the reduced form (ViscontiINni 1958). Many reactions of the 6-substituted 
pteridines in algae probably take place when these compounds are in a reduced 
form (Forrest, unpublished). Secondly, the major formation of isoxanthopterin 
occurs during the first 60 hours of pupal existence i.e., immediately before drosop- 
terine biosynthesis (Haporn and MitcHe.t 1951). Also, although there would 
be a reduction in the amount of DPNH at that time in the mutants, there would 
certainly not be a complete lack of the compound. Thus this would reasonably 
explain the reduction but not the lack of the drosopterines in the mutants. 

The limiting reduction potential resulting from the absence of xanthine 
dehydrogenase could cause an accumulation of the substrates for the final stages 
in the conversion of sepiapteridine (primarily) and perhaps biopterin (second- 
arily) which might therefore accumulate. Since xanthine dehydrogenase is ap- 
parently ubiquitous in wild type, the immediate implication of this scheme 
should be the requisite of substrate (2-amino-4-hydroxypteridine or hypoxan- 
thine) location at the pigment forming site to couple with the synthesis of the 
drosopterines. The introduction of the Malpighian tubes into rosy? flies greatly 
increases the isoxanthopterin concentration and restores the wild type drosop- 
terine content (Haporn and Grar 1958). The production of DPNH from isoxan- 
thopterin synthesis would allow full drosopterine formation. This would imply 
the identity of “rosy? Stoffe” and 2-amino-4-hydroxypteridine. In the maternally 
affected individuals in which it has been shown that some enzyme is present 
(GLAssMAN and MircHe.y 1959b) it can be visualized that the reducing power 
controlled by the substrate is just sufficient for the full synthesis of the drosop- 
terines. 

With regard to the enzyme activity in the heterozygotes, little work has been 
done in studies of this sort (SAw1n and Guick 1943; RussELL and Russe. 1948; 
Foster 1951). Apparently in the rosy* heterozygote, the two alleles on homolo- 
gous chromosomes act independently of each other in controlling enzyme activity. 
In the maroon-like heterozygote consistently higher than one half the activity of 
wild type resulted. It is interesting that this occurs with a sex-linked mutant 
locus where the locus is normally present as a hemizygote in the male. In the 
double heterozygous condition there is further reduction of activity. This indi- 
cates the possibility of a sequential relationship in the formation of the enzyme 
by the two different loci. On the basis of the persistence of the maternal effect 
in progeny from females homozygous for rosy* and heterozygous for maroon- 
like, GLAssMAN has proposed the following: 


rosy” maroon-like 
X > Y > Enzyme 
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The findings in this work do not conflict with this arrangement. 

The very interesting interaction of the Jn (3RC;3LP) Sb e* inversion with 
the rosy* locus will make profitable further work on this relation. It may be 
possible to “break up” this inversion by crossing over and determine what area 
of the chromosome is involved in disturbing the xanthine dehydrogenase activity. 


SUMMARY 


The chemotype (chemical expression of a genotype) of the mutant maroon-like 
in Drosophila melanogaster has been analyzed and compared to wild type. The 
influence of the maternal parent carrying a wild allele of maroon-like on its 
maroon-like progeny has been studied and the mutant has been relocated at the 
extreme right end of the X chromosome in Drosophila melanogaster. The relation 
between the lack of xanthine dehydrogenase and the reduction of red eye pig- 
ment in the mutant is discussed. The lack of response to injected products of 
xanthine dehydrogenase is reported, and the hypothesis is advanced for the 
identity of “‘rosy* Stoffe” and DPNH. C" labeled 2-amino-4-hydroxypteridine is 
converted in vivo into isoxanthopterin in the organism but not into any other 
compound. 

In analyzing the level of xanthine dehydrogenase activity in the following 
heterozygotes: maroon-like; rosy*; and maroon-like and rosy, it was found that 
rosy*+ acted independently of its homologous allele, while maroon-like exceeded 
the half maximal level. The double heterozygote had a multitive effect arguing 
for a sequential control of the two genes for the enzyme activity. 

The inversion Jn(3RC;3LP) Sb e* is shown to have an effect on the activity 


of xanthine dehydrogenase. 
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ETEROSIS has been the subject of intense theoretical and applied research 

for more than 50 years, largely because of its important implication for both 
evolution and breeding practice. Among the mammals heterosis has been observed 
as a result of crossing breeds, strains or inbred lines of cattle, sheep, swine, rabbits, 
guinea pigs, rats, and mice. A detailed review of the vast literature compilation 
concerning heterosis in mammals is neither possible nor desirable in this paper. 
Reference is made only to those papers relevant to this experiment. 

The theoretical aspects of the problem of specific and general combining ability 
in swine have been investigated by HENDERSON (1948, 1949, 1952). DickERsSON 
(1952) considered the use of inbred lines for heterosis tests with particular refer- 
ence to swine, and presented an interpretation of the evidence concerning the sort 
of genetic system underlying economically important traits. He also compared the 
effectiveness of several alternative breeding methods. 

The experiment described herein was devised to study the degree of heterosis, 
general and specific combining ability, sex linkage, and maternal influence aris- 
ing from crosses among four inbred lines of rats. The design and analysis was 
largely predicated on the cited work of HENDERSON and Dickerson. The data 
refer to 28-day (weaning) and 70-day body weight. 


MATERIALS AND METHODS 


Four inbred lines were available for this investigation. An albino line, desig- 
nated B, was obtained from the Department of Genetics, University of California, 
Berkeley. An albino and a black line were obtained from the Department of 
Animal Husbandry, University of California, Davis, and are referred to as A 
and D, respectively. The fourth line, designated H, was black hooded, and was 
developed in this laboratory from a commercial stock. Inbreeding coefficients 
were not exactly determined, but were estimated to average above 60 percent in 


1 This investigation was supported in part by Cancer Research Funds of the University of 
California, and was conducted in cooperation with the Animal Husbandry Research Division, 
Agricultural Research Service, U. S. Department of Agriculture, under Western Regional Project 
W-1, “The Improvement of Beef Cattle Through the Application of Breeding Methods.” 

2 Department of Animal Husbandry, University of Nevada, Reno. This work was completed 
while the senior author was on leave with the Department of Genetics, University of California, 
Berkeley. 

3 Biometrician, In Charge, Livestock Research Staff, Biometrical Services, Agricultural Re- 
search Service, U. S. Department of Agriculture, Beltsville, Maryland. 

4U. S. Department of Agriculture, Denver, Colorado. 
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all lines and approached 90 percent in some, the Davis rats being the most highly 
inbred and the hooded rats the least. 

A standard complete ration developed in this laboratory was fed to all animals. 
Females were first mated after 100 days of age. First litters only were used in this 
study. Litters were reduced to six at five days. An attempt was made to retain 
three males and three females, but no selection was practiced within sexes. Litters 
were weaned and weighed at 28 days. The rats were fed in like-sexed groups 
of three or six, depending on cage size, from 28 through 70 days when a final 
weight was taken. A single unshrunk weight was used. No artificial selection 
with respect to body size had been applied to the lines used in this study. 

All possible crosses, including linebreds and reciprocals, were made among the 
four lines. At least four litters were produced in each of the 16 categories with a 
total of 104 litters. Litter averages for each sex rather than individual weights 
were used in the analysis. Hence, there were 208 observations each for 28- and 
70-day weight. 

The mathematical model used in the analysis was an extension of the one 
formulated by HENvERsON (1948) to include the effects of sex, heterosis, and 
linebreds as follows: 

Vijkim — & Te Ty Pik 2 82k a £21 F dex, + reer + m2 + Cijkim 

where: 

Yijkim = the average weight (28- or 70-day) for the mth litter in the cross (or 
linebred) obtained by crossing the Ath line of sire with the /th line of 
dam and for the ith sex. The 7 subscript identifies whether the result 

obtained is an inbred line (7 = 1) or across (7 = 2) 
= the general mean when equal numbers exist with respect to all effects 


ps 
in the model 
s; = the effect of the 7th sex 
h; = the effect of the jth type of cross, 1.e., linebred or cross 
Pix = the Ath linebred within the linebreds 
g»; = the general combining ability effect from the Ath line of sire 


g», = the general combining ability effect from the /th line of dam 

d.;,; = the specific combining ability for the Al or lk cross 

ro. — the sex-linked effect for the Ath line of sire mated to the /th line of dam 

ms, = the maternal effect for the /th line of dam measured over the crosses 

only. In fact, the g’s, d’s, r’s, and m’s are measured from the crosses only 

2ijkim = an effect common to all sex-litter subclasses 

All constants were obtained by a conventional least squares analysis and all 
tests of significance were made under the assumption that all effects (except the 
set being tested) did exist. 


RESULTS AND DISCUSSION 


The analysis of variance of 28- and 70-day weights is presented in Table 1. The 
least squares means for the various comparisons are presented in Table 2. Since 
specific comparisons would be of extremely limited interest, a test of significance 
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TABLE 1 


Analysis of variance in 28- and 70-day weights (mean squares only )} 





Mean squares 




















28-day 70-day 
Source of variation d.f. weight weight 
Sexes (S) 1 543.4** 204,992** 
Heterosis (H) 1 211.6 2.777* 
Linebreds (L) 3 628.9** 9,146** 
General combining abilities (G) 3 353.4** 1,114 
Specific combining abilities (D) 2 90.2 241 
Sex linkage effects (R) 3 89.4 907 
Maternal effects (M) 3 Sia" 4,425** 
Error 191 70.5 655 
1 Adjusted for unequal frequencies by least squares 
* Significant at .05 level of probability. 
** Significant at .01 level of probability 
TABLE 2 
Least squares means 
28-day 70-day 28-day 70-day 
Classification No. weight weight Classification No. weight weight 
Sexes (e+; ) he de ae A M+m,) 
Males 104 61.9 2183 Crosses (2h, +8248.) +4241 + 
Females 104 58.7 155.5 
Over-all (7) 208 60.3 186.9 AB 24 «= 61.6 ~—.203.9 
o 
Heterosis(@4R,) AH 2 G37 (1882 
Linebreds 72 59.2 162.9 a 
a BD 22 62.1 198.6 
Crosses 136 61.4 190.9 BH 18 59.1 194.4 
Linebreds (2+h,+;x) DH 24 «658.6 174.3 
on ae ido Reciprocal crosses “ - 
DD ro 537 1703 A+R AB tO. t+ dons toon +o) 
HH 12 60.9 171.7 AB 12 59.2 184.1 
; ’ AD 12 64.3 182.7 
Genic breeding value Mi AH 14 61.6 191.7 
for crossing (u-bh,+282x) BA 12 64.0 2937 
A a Gs mm BD 12 646 © 11.5 
: ss : aie DA 10 622 189.3 
rz E DB 10 59.7 185.7 
Maternal effects (+h +%M1) DH 12 50.5 166.3 
38 59.7 181.1 HA 12 65.7 184.7 
32 62.9 211.7 HB 10 61.0 185.5 
HD 12 66.7 182.3 


32 55.6 182.1 
34 67.4 188.7 


ToOw> 
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of differences among the means such as that described by Duncan (1955) and 
extended by KraMer (1957) was not made. 

The highly significant difference between sexes in favor of the males is in 
agreement with previous findings (Kine 1915; Livesay 1930; BecKER 1957). 

Heterosis was measured as the comparison of inbreds with line crosses. A more 
desirable comparison would have been between line crosses and the outbred 
populations from which the inbred lines were derived. This comparison would 
indicate whether the superiority of the line crosses was merely the recovery from 
inbreeding degeneration or a true superiority. Heterosis was not quite significant 
at 28 days but was significant at 70 days. Livesay (1930) made two crosses among 
three inbred lines of rats and observed heterosis for body weight at 30, 50, 70, 90, 
and 150 days. The relative superiority of the line crosses increased with increas- 
ing age. In the present data, maternal effects may have been relatively greater 
at 28 days and tended to mask the effect of heterosis. It is also possible that heter- 
osis affects general postnatal growth rate and that differences become more pro- 
nounced with increasing age. Dickerson, LusH, and CuLBERTSON (1946) com- 
pared single-cross with inbred litters by the same sire among 11 inbred lines of 
swine and found that with respect to weight the line crosses tended to exceed the 
inbreds to a greater extent with increasing age. 

Estimates of the heterosis achieved in each cross separately and the individual 
tests of significance are presented in Table 3. Although these tests of significance 


TABLE 3 


Heterosis as exhibited by each cross separately 














28-day weight 70-day weight 
Mean for Mean for ss rare Mean for 

Cross linebreds crosses Difference linebreds crosses Difference 

AB 61.1 61.6 5 194.8 203.9 9.1 

AD 54.8 63.3 oo" 173.0 186.0 13.0 

AH 58.4 63.7 5.3" 173.8 188.2 14.4* 

BD 60.0 62.1 pe | 192.0 198.6 6.6 

BH 63.6 59.1 —45 192.8 194.4 1.6 

DH 57.3 58.6 t3 171.0 174.3 3.3 
Over-all 59.2 61.4 2.2 182.9 190.9 8.0* 





* Significant at .05 level of probability. 
** Significant at .01 level of probability. 


are not independent, since the linebreds are each used three times, they are of 
considerable interest because of the variability in heterosis from cross to cross. 
The average heterosis for crosses involving line A was 4.8 gms for 28-day 
weight and 12.2 gms for 70-day weight; corresponding values for the B line were 
—0.6 gms and 5.8 gms; line D, 4.0 gms and 7.6 gms; and line H, 0.7 gms and 6.4 
gms. Hence, line A performed the best in crosses and line B, which was the best 
inbred, performed the poorest in crosses. 

The highly significant differences among linebreds for 28- and 70-day weight 
was consistent with previous experience with these lines. Line H was 5.0 gms 











HETEROSIS IN RATS 229 


heavier than line A at 28 days and 4.1 gms lighter at 70 days. This may have re- 
flected a difference in maternal ability. Although only linecross litters were used 
to measure maternal ability, all dams were inbred, i.e., no linecross females pro- 
duced litters. Linebred progeny in line H may have received better maternal 
effects prior to weaning and a compensating effect occurred after weaning. Yao 
and Eaton (1954) attributed a similar observation in inbred strains of rabbits to 
different postnatal growth rates. 

General combining ability effects are highly significant at 28 days, but not 
significant at 70 days. Preweaning differences in maternal ability and a post- 
weaning compensating effect might also account for these results. HENDERSON 
(1949) studied single crosses among 12 inbred lines of swine and found that 
general combining ability accounted for not more than five percent of the varia- 
tion among line crosses with respect to litter size and weight at birth, 21, 56, 
and 154 days. 

There was no evidence of either specific combining ability or sex-linked effects 
at either age. HENDERSON (1949) found specific effects (dominance and epistasis) 
to account for five to 15 percent of the variation among swine crosses. Eaton, 
NeviLe, and Dickerson (1950) made the 72 possible crosses among nine inbred 
lines of mice. They found that specific linecross combination effects were im- 
portant though not significant for viability and total litter weight, but not for 
individual mouse weights. It is quite possible that crosses among more rat lines 
might reveal some specific effects. HENDERSON (1949) found no evidence of sex- 
linked effects. 

Maternal effects were highly significant at 28 and 70 days. Bartey (1954) 
using a cross-nursing technique also found maternal effects to be important at 
these ages. Important maternal effectes have been found in rabbits by VENGE 
(1950) and by Yao and Eaton (1954), and in mice by MarsuHak (1936). 
HeENpDERSON (1949), however, found no evidence of maternal effects in single 
crosses among 12 inbred lines of swine. This latter finding is not inconsistent 
with the observation of CuamBers and Wuat Ley (1951) of heterosis in produc- 
tivity of linecross female swine. 

The relation between the least squares constants for maternal effects and 
general combining ability effects for 28- and 70-day weights is shown in Table 4. 
These constants are expected to be negatively correlated (r = —0.57) because 
maternal effects and general combining ability effects are highly confounded and 
the correlation is obtained from the elements of the inverse matrix. The difference 
between the observed and the expected r may provide some information concern- 
ing the genetic correlation between maternal and general combining ability 
effects. With only four lines the information is indeed meager, but it is of interest 
to note the difference in the estimate of the genetic correlation from 28- to 70-day 


weight. 

If all crossbred offspring exhibit the same amount of heterosis, the differences 
among the maternal effects as measured in crossbreds will be the same as expected 
in linebreds. Also, if the model has properly described the effects in crosses, the 
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TABLE 4 


Correlation between maternal and general combining ability effects 














28-day weight 70-day weight 
Line Maternal GCA Maternal GCA 
A —1,7 3.0 —9.8 . 7.6 
B Bi —1.4 20.8 » BY 
D —5.8 2.8 —8.8 —2.5 
H —6.0 —4.4 —2.2 —6.8 
Observed r —.93 —.01 
Expected r —.57 —.57 
Difference —.36 +.56 





additively genetic effects as estimated from crosses will provide an unbiased 
estimate of the transmittible genic effects for linebreds as well as crosses. Hence, 
the differences between the j),, and the Box + 7.) will indicate whether non- 
additive effects are operative within line and/or whether the lines tend to rank 
differently with respect to maternal effects when linebred or crossbred progeny 
are being reared. Table 5 compares the 22. + 7», with the ji, for all four lines 
and both traits. The difference between the observed and expected linebred con- 


TABLE 5 


> . A . A 
Comparison of the 2@,+-m,, with the p,, 














28-day weight 70-day weight 
Line 22. +m.) Pix Difference 2B. +m.) Pix Difference 
A 4.4 —3.3 —7.7** 5.4 — 7.1 —12.5 
B —1.3 7.1 8.4** 24.1 30.9 6.8 
D — 3 —5.5 —5.2 —13.8 —12.6 iz 
H —2.8 1.7 4.5 —15.7 —11.2 4.5 
** Significant at the .01 level of probability. 


stant is highly significant for lines A and B at 28 days. The correlation between 
observed and expected constants is — 0.51 at 28 days and + 0.91 at 70 days. 

These results clearly suggest that, for 28-day weight, these lines do rank differ- 
ently with respect to maternal effects when the dams are rearing crossbred 
progeny than when they are rearing linebred progeny. In other words, an 
interaction of maternal effects with mating system is indicated. 

Except for the lack of specific effects in these data and their presence in swine, 
and the presence of maternal effects in these data and their absence in swine, these 
results are in general agreement with those found in other mammalian species. 
The data are clearly insufficient to warrant any broad generalizations with respect 
to hybrid vigor in crosses among inbred lines of rats. 
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SUMMARY AND CONCLUSIONS 


The 16 possible combinations including inbreds and reciprocal crosses were 
made among four inbred lines of rats. The analytical method provided estimates 
of the effects of sex, heterosis, lines, general and specific combining ability, sex 
linkage, and maternal effects on 28- and 70-day body weight. Effects of sex, lines 
and maternal ability were highly significant at 28 and 70 days. Heterosis was 
significant at 70 but not at 28 days. General combining ability was highly sig- 
nificant at 28 but not at all significant at 70 days. There was no evidence of 
specific combining ability or sex linkage effects. An interaction of maternal 
effects and mating system with respect to 28-day weight was indicated. 
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HE antigens of the red blood cells of a number of species of pigeons and doves 
possess serological properties which exhibit varying degrees of interrelation- 
ships (Irwrn 1951, 1953). In addition to antigenic specificities shared in common, 
the respective species of pigeons and doves have been shown to possess specifici- 
ties to the exclusion of one or more other species. In certain instances, it has been 
established that the cellular antigens of a particular species, in contrast to the 
cellular antigens of one or more other species, are polygenically determined 
(Irwin, CoLE and Gorpon 1936; Irwin 1939; Irwin and Cumtey 1947). The 
application of the methods of both genetics and serology have shown that the 
species-specific cellular antigens are comprised of several components each of 
which is inherited as a unit character and is, presumably, determined by a single 
gene or two or more closely linked genes. A cellular antigen which is inherited 
as a unit is defined as a unit antigen. The unit antigens derived from any one 
species are, in general, serologically distinct. However, a unit antigen character- 
istic of a particular species may share serological properties with a unit antigen 
characteristic of one or more other species. 
Following successive backcrosses to Streptopelia risoria of the hybrids between 
S. chinensis and risoria and selected backcross hybrids, a segregation was observed 
of nine cellular antigens which were characteristic of chinensis in contrast to 
risoria (IRw1n and Cote 1936). The chinensis specific antigens were given the 
respective designations d-1, d-2 . . . etc. Likewise, cellular antigens specific to 
S. senegalensis, §. humilis, and S. orientalis have been identified by mating to 
risoria the hybrid progeny produced from the crosses of these three species to 
risoria for several consecutive generations (Irwin and Cumtey 1947; Irwin, 
unpublished data). There are at least nine chromosomes of senegalensis that 
carry a gene or genes determining cellular antigens which differentiate senegal- 
ensis from risoria. The senegalensis-specific antigens were designated s-1, s-2... 
etc.; the unit cellular antigens of humilis have been designated hu-1, hu-4 and 
hu-8, and those of orientalis as or-1, or-4 and or-8. Further, it has been shown that 
there are at least four unit antigens A, B, C and E present on the red blood cells 
of Columba guinea which are contrasted to the cellular antigens of C. livia 


(Irwin, CoLE and Gorpon 1936). 


1 From the Department of Genetics (No. 744), Agricultural Experiment Station, University of 
Wisconsin. This project was supported in part by the Research Committee of the Graduate School 
from funds supplied by the Wisconsin Alumni Research Foundation, and in part by a grant 
(E-1643) from the Department of Health, Education and Welfare of the National Institutes of 
Health, Public Health Service. 

2 Present address: Jackson Memorial Laboratory, Bar Harbor, Maine. 
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The cellular antigen d-1 of chinensis and s-2 of senegalensis share antigenic 
properties (Irwin and Cote 1940). Both d-1 and s-2 are serologically related to 
the cellular antigens hu-1, or-1 and E (Irwin, unpublished data). For reasons 
of uniformity, the d-1 antigen of chinensis and the s-2 antigen of senegalensis 
will be referred to as ch-1 and se-1 respectively. The nomenclature for hu-1, or-1 
and E will remain unchanged. Henceforth, the related cellular antigens ch-1, 
hu-1, or-1, se-1 and E will be considered as members of a system defined as 
group-1. 

This paper is concerned with an analysis of the genetic and serological proper- 
ties of the different cellular antigens belonging to the group-1 system. 


MATERIALS AND METHODS 


The serological technics employed here were similar to those which have been 
described previously in publications from this laboratory (Irwin and Cote 1936; 
Irwin, Cote and Gorpon 1936; Irwin 1939; Miter and Bryan 1953). The 
hemagglutination technic was used throughout these tests. Antisera were ob- 
tained after injecting into rabbits the washed red blood cells from backcross 
hybrids possessing one or another of the respective cellular antigens ch-1, hu-1, 
or-1, se-1 or E; other antisera were prepared in the same manner against cells 
from each of the species chinensis, humilis, orientalis, senegalensis and guinea. 

The chromosomes bearing the genes for the unit cellular antigens ch-1, hu-1, 
or-1 and se-1, respectively, have been transferred from the particular parental 
species to backcross hybrids whose blood cells are serologically indistinguishable 
from the cells of risoria, except for the presence of one or another of the group-1 
cellular antigens. Consequently, antisera prepared against the blood cells of the 
backcross hybrids may contain agglutinins against all the cellular antigens of 
risoria as well as agglutinins specific for a particular group-1 antigen. Agglutin- 
ating reagents specific for the cells of ch-1, hu-1, or-1 and se-1 backcross hybrids 
were prepared by absorbing their respective antisera with the pooled cells of 
risoria. The cellular antigen E of guinea has also been isolated in backcross 
hybrids whose cells are serologically indistinguishable from the cells of livia, 
except for the presence of the antigen E. Specific reagents for E were prepared 
by absorbing anti-E sera with cells from Jivia. 

The red blood cells of /ivia and risoria undoubtedly share many antigens, but 
livia shares no known antigenic specificities with ch-1, hu-1, or-1 or se-1 that it 
does not also share with risoria. As a consequence, specific reagents for the 
cellular antigens ch-1, hu-1, or-1 and se-1 can be obtained by absorbing their 
respective antisera with pooled cells from risoria and livia. The pooling of cells 
from the two species, risoria and livia, was done whenever possible. It was 
necessitated by occasional shortages of risoria cells, and also provided an added 
advantage of absorbing from the antisera antibodies which might differentiate 
individuals within either species. Some anti-E sera, following absorption with 
cells from livia, weakly agglutinate the cells of risoria; therefore, it was necessary 
to absorb the anti-E sera with cells from both risoria and livia. 
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Although the cellular antigen se-12 (formerly s-12) of senegalensis was 
identified as a separate entity in the first backcross generation, it now seems prob- 
able that se-1 and se-12 are contrasting characters in senegalensis, with common 
as well as differentiating antigenic specificities. Antisera prepared against the 
cells of se-1 backcross hybrids and the cells of senegalensis often contain antibodies 
reactive with the cells of backcross hybrids possessing se-12. In order that these 
tests would be limited to the relationship of se-1 to the other antigens of group-1, 
and not be complicated by antibodies directed to se-12, all se-1 antisera were 
absorbed with cells carrying se-12 as well as those of risoria and livia. 


RESULTS 


Following absorption with cells from risoria and livia of the appropriately 
diluted antisera which had been prepared against the cells of the respective species 
and backcross hybrids, each of the absorbed antisera was tested against the cells 
of backcross hybrids containing one or another of the cellular antigens ch-1, hu-1, 
or-1, se-1 or E; the reactions of the absorbed antisera were also determined for 
cells from the species chinensis, humilis, orientalis, senegalensis and guinea. The 
agglutination reactions of the absorbed fluids are given in Table 1. 

From these reactions it may be seen that the reagents prepared from antisera 
against each of the group-1 antigens are cross-reactive with the cells of all mem- 
bers of group-1 (upper left quadrant of Table 1) and also, as expected, with the 


TABLE 1 


Agglutination reactions of absorbed fluids 


























Antisera 
( ells an cies a aaa senegal- 
tested ch-l hu-! or-! se-1* E chinensis humilis orientalis ensis* guinea 
Saris Absorbed by pooled cells from S. risoria and C. livia 
risoria O O O O O 0 O O O O 
livia O O O O O O O O O O 
se-12 O O Oo O O O O O O O 
ch-1 C+ ( + ( C Cc Cc C Cc Cc 
hu-1 + + C c +4 C C C C . se 
or-1 C C C Cc C Cc C C C C 
se-1 C C C C Cc Cc Cc C C Cc 
E C + C +-+ C C C C ++ C 
chinensis C ( C C C 
humilis C C ++ C C 
orientalis C C C C C 
senegalensis C ( C C C 
guinea C | ++ + C 
* Absorbed by cells from backcross hybrids possessing the se-12 cellular antigen, in addition to the pooled cells of 
risoria and livia. 
- C=complete agglutination; +--+ —almost complete agglutination; + —weak agglutination; O=no agglutination at 


a serum dilution of 1:30 or greater. 








236 J. H. STIMPFLING AND M. R. IRWIN 


respective species from which each member of the group-1 antigens was derived 
(lower left quadrant of Table 1). Reciprocally, the antisera to each of these 
parental species, following absorption with the cells of risoria and livia, were also 
reactive with each of the different members of the group-1 antigens (upper right 
quadrant of Table 1). Individuals have been observed in senegalensis which lack 
se-1 (Irwin and Cote 1945), but only those carrying se-1 have been used in 
these experiments. 

Since antisera prepared against the parental species, after absorption with the 
cells of risoria and livia, contain antibodies specific for antigens other than those 
of group-1, the agglutination of.cells from the homologous and heterologous species 
by the respective absorbed antisera cannot be interpreted in terms of group-1 
reactions or cross reactions. Consequently, the lower right quadrant of Table 1 
has been left vacant. 

The results presented in Table 1 show that the cellular antigens ch-1, hu-1, 
or-1, se-1 and E share serological properties among themselves and therefore 
with the corresponding antigens found on the cells of the parental species. The 
complexity of these interrelationships cannot be deduced from the data given in 
Table 1. However, the observation that cells from backcross hybrids possessing 
one or another of the group-1 antigens differ appreciably in the intensity of their 
agglutination reactions with respect to a particular group-1 reagent suggests the 
absence of serological equivalence, e.g., the hu-1 reagent agglutinates very 
strongly cells which possess the homologous group-1 antigen but weakly aggluti- 
nates the cells of E backcross hybrids and guinea. A more detailed serological 
analysis of the interrelationships within the group-1 system will be presented in 
a subsequent paper. 

Since the backcross hybrids possessing the cellular antigens ch-1, hu-1, or-1 
and se-1, respectively, were derived from matings in which the common parent 
was risoria, it was considered that risoria might possess cellular antigens which 
were antithetically related to the cellular antigens of one or more members of 
group-1. It has not been possible, for technical reasons, to make the necessary 
matings required for the separation and identification of the unit cellular antigens 
of risoria. However, in 1953, Mitier and Bryan described a method for the 
detection, on the cells of /ivia and of backcross hybrids from the mating of guinea 
x livia, of antigens antithetically related to the unit cellular antigens possessed by 
guinea in contrast to livia. The procedures followed in the experiments described 
here are essentially the same as those reported by MiL.er and Bryan. 

If risoria possess a gene or genes allelic to the genes which determine the 
presence of one or more members of the group-1 cellular antigens, and the gene 
or genes of risoria determine the presence of an antigen on the red blood cells in 
contrast to a particular group-1 cellular antigen, then derivatives of backcross 
hybrids which are homozygous for any one of the group-1 cellular antigens will 
lack the cellular antigen of risoria. The blood cells of the derivatives of the back- 
cross hybrids which are homozygous for the gene or genes which determine a 


GENE HOMOLOGIES 237 


particular group-1 cellular antigen should, in other respects, be serologically 
indistinguishable from those of risoria. 

If the preceding suppositions are correct, it should be possible to demonstrate 
the presence of the cellular antigen of risoria, which is antithetically related to 
the contrasting group-1 cellular antigen, with reagents prepared by absorbing 
anti-risoria serum with cells of hybrids which are homozygous for genes deter- 
mining the presence of the particular group-1 cellular antigen. Absorption of an 
anti-risoria serum with the cells of any group-1 homozygote should remove all 
risoria-specific agglutinins, except those which are specific for the risoria cellular 
antigen antithetically related to the contrasting group-1 antigen. Such absorbed 
fluids will agglutinate the blood cells of risoria and the corresponding group-1 
heterozygotes. 

The cellular antigens of risoria which are presumed to be antithetically 
related to the antigens ch-1, hu-1, or-1 and se-1, will be given tentatively the 
corresponding designations of ch-1’, hu-1’, or-1’ and se-1’. 

All progeny produced by matings inter se of group-1 backcross hybrids will 
belong to one or another of the three classes group-1/group-1, group-1/group-1’ 
or group-1’/group-1’. The offspring will fall into one or another of the three 
classes with the frequencies expected of a monohybrid cross. Cells from indi- 
viduals of the class group-1’/group-1’ will be serologically indistinguishable from 
the cells of risoria. However, cells from individuals of the two classes group-1/ 
group-1 or group-1/group-1’ will share in common their agglutinability by all 
group-1 reagents since they are homozygous and heterozygous, respectively, for 
the genes which determine the group-1 cellular antigens. The two latter classes 
may be differentiated further with regard to their respective capacities to absorb 
agglutinins from an anti-risoria serum, as previously described. 

To test the hypothesis that the group-1 cellular antigens are antithetically 
related to one or more cellular antigens in risoria, cells from group-1 positive 
progeny produced by inter se matings of heterozygotes of ch-1, or-1 and se-1 were 
used from individual birds to absorb an anti-risoria serum. As expected, the cells 
from some group-1 positive progeny produced by the above matings had the 
capacity to absorb completely from the anti-risoria serum the agglutinins specific 
for the cells of risoria; the birds from which these cells had been obtained were 
regarded as putative heterozygotes, i.e., ch-1/ch-1’, or-1/or-1’ and se-1/se-1’, 
respectively. The cells from the remaining group-1 positive progeny produced 
by the above matings, when used for absorption, failed to remove all agglutinins 
from the anti-risoria serum which were specific for the cells of risoria; the birds 
from which these cells had been obtained were considered to be putative homozy- 
gotes, i.e., ch-1/ch-1, or-1/or-1 and se-1/se-1. The cells of the respective classes 
of homozygotes were pooled and used to absorb the anti-risoria serum. Each of 
the three absorbed fluids was presumed to be a reagent which contained aggluti- 
nins for the cellular antigens of risoria antithetically related to the cellular anti- 
gens ch-1, or-1 and se-1, respectively. 

The reagents specific for ch-1’, or-1’ and se-1’ were tested against the cells of 
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a number of individuals and their corresponding progeny. The respective reagents 
for ch-1 and ch-1’ were tested with the cells of the progeny from matings involving 
either or both of these cellular characters, with results as shown in the first three 
rows of Table 2. The matings were ch-1/ch-1 X ch-1/ch-1, ch-1/ch-1’ X ch-1/ 


TABLE 2 


Tests for reagent specificity 








No. of No. of Number of 
Type of mating matings progeny progeny per class 
1/1 rye’ ryt 
ch-1/ch-1  ch-1/ch-1 1 11 11 0 0 
ch-1/ch-1’ & ch-1/ch-1’ 6 39 12 20 7 
ch-1/ch-1’ & risoria 6 31 0 16 15 
or-1/or-1 x or-1/or-1’ 5 17 9 8 0 
or-1/or-1’ < or-1/or-1’ 9 33 5 24 4+ 
or-1/or-1’  risoria 7 16 0 7 9 
se-1/se-1 x se-1/se-1’ 2 33 16 17 0 
se-1/se-1  risoria 1 10 0 10 0 
se-1/se-1’ & risoria 7 45 0 23 22 





ch-1’ and ch-1/ch-1’ X risoria (ch-1’/ch-1’); the progeny produced from these 
matings appeared in the expected classes with approximately the frequency ex- 
pected if ch-1 and ch-1’ are antithetically related antigens. The results of the 
tests involving or-1 and or-1’ are given in the second group of three rows in 
Table 2. In this instance the matings were or-1/or-1 X or-1/or-1’, or-1/or-1’ x 
or-1/or-1’ and or-1/or-1’ X risoria (or-1’/or-1’) ; these matings produced progeny 
which appeared in the appropriate classes with approximately the frequencies 
expected if or-1 and or-1’ have an antithetical relationship. Matings which in- 
volved se-1 and se-1’ provided the data which are included in the last three rows 
of Table 2. In this case the parental types were se-1/se-1 X se-1/se-1’, se-1/se-1 x 
risoria (se-1’/se-1’) and se-1/se-1’ X risoria. Here, too, the progeny appeared in 
the expected classes with frequencies consistent with those expected if se-1 and 
se-1’ are antithetically related cellular antigens. Although the number of progeny 
produced by any particular class of mating is not large, it is important to note 
that no exceptions to the expected have appeared. The data presented in Table 2 
validate the supposition that there are present on the blood cells of risoria one or 
more cellular antigens which bear an antithetical relationship to the cellular 
antigens of each of three members of group-1, i.e., ch-1, or-1 and se-1. 

Table 2 gives the results of tests performed on the cells of 235 progeny produced 
by the various matings. With the exception of 75 individuals, all progeny were 
tested with the three group-1’ reagents, anti-ch-1’, anti-or-1’ and anti-se-1’. When 
the three reagents were used at a serum dilution of 1:60, they paralleled each 
other with respect to their agglutinating capacity, i.e., they either agglutinated 
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or failed to agglutinate a particular test cell. Therefore, it is concluded that the 
group-1’ reagents contained agglutinins specific for a single antigen or antigenic 
complex found on the cells of risoria. The cellular antigen of risoria which has 
been demonstrated to be antithetically related to the cellular antigens ch-1, or-1, 
and se-1, respectively, may now be called ri-1. Further, if ch-1, or-1 and se-1 are 
antithetically related to ri-1..they are presumably related in the same way to 
each other. 

Further confirmation of the antithetical relationship of or-1 and se-1 has been 
obtained from two matings of the type: or-1/or-1 X se-1/ri-1. Eight progeny were 
produced by these matings; all carried or-1 as expected, and there were four with 
ri-1 (or-1/ri-1) and four with se-1 (or-1/se-1). There were also 11 progeny from 
two matings of ch-1/se-1 X ri-1/ri-1 (risoria). Ten of these possessed ch-1/ri-1, 
and one carried se-1/ri-1. Two matings to risoria of backcross hybrids carrying 
ch-1/or-1 resulted in 20 offspring with ch-1 and nine with or-1. The cells of the 
progeny were not tested with the reagent for ri-1; all would be expected to possess 
it. 

It was stated previously that se-12 appears to be a contrasting character to se-1 
in senegalensis. Evidence of the antithetical nature of se-12 to ch-1 of chinensis 
has been obtained from matings of ch-1/ri-1 X se-12/ri-1, which gave progeny 
as follows: there were eight with both ch-1 and se-12, four with ch-1, seven with 
se-12, and three with neither. The reagent for ri-1 was not available at the time 
for testing the cells of these progeny, but the cells of all the progeny except those 
carrying ch-1/se-12 should have been reactive. Two matings to risoria were made 
of backcross hybrids carrying ch-1/se-12. Of the 18 progeny, there were 10 with 
ch-1 and eight with se-12. The reagent for ri-1 was not available to test these 
cells. The results are in agreement with the expected if the various characters of 
group-1 are antithetical to each other, and if se-12 is one of this group. 

In addition to its serological relationship to group-1, the inclusion of hu-1 in 
the group-1 system is supported by the following evidence: Among four progeny 
produced from the mating F,-Aumilis/risoria X F,-humilis/risoria the cells of one 
individual reacted with the group-1’ reagents, only, and was presumed to be 
ri-1/ri-1; the cells of two individuals reacted with both group-1 and group-1’ 
reagents and were regarded as hu-1/ri-1; the cells of the remaining bird were 
agglutinated by the group-1 reagents but were not agglutinated by the group-1’ 
reagents and must have been hu-1/hu-1. From a mating between two backcross 
hybrids hu-1/ri-1 x ch-1/ri-1 there was produced a single offspring, the cells of 
which possessed the cellular antigens hu-1 and ch-1 (hu-1/ch-1), but which 
lacked the antigen ri-1. Although the genetic evidence for including hu-1 in the 
group-1 system is limited, the available data are compatible with the assumption 
that hu-1 is antithetically related to ch-1, or-1, ri-1 and se-1. It is probable that 
tests on additional progeny from appropriate matings will justify placing the hu-1 


cellular antigen in the group-1 system. 
It has not, as yet, been possible to obtain genetic evidence for the antithetical 


relationship of the cellular antigen E to the other members of group-1. The inclu- 
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sion of E in the group-1 system must be based upon the demonstrated serological 
relationship of E to the cellular antigens ch-1, hu-1, or-1 and se-1. 


DISCUSSION AND CONCLUSION 

Based on the consideration that the cross-reactivity of cellular antigens reflects 
structural similarity of a greater or less degree, the cellular antigens described 
in this paper are regarded as structural homologues. Further, it is considered 
plausible that the gene or genes which determine the structural properties of 
cross-reactive cellular antigens in related species are themselves structurally 
related to an extent which varies with the degree of the serological relationship 
of their antigenic products. 

It has been proposed that homologous genes in various species be defined as 
those which behave as alleles when present in a common genetic background 
(SPENCER 1949). This criterion is in general not subject to experimental verifi- 
cation, except in those species capable of producing fertile hybrid offspring. A 
less direct approach is to make a comparative study of related structures and from 
these investigations attempt to deduce the structural correspondence of the 
causative genes (SruRTEVANT and Novirsk1 1941; Srtow 1941; HarLanp 1936; 
STEPHENS 1951). The majority of the studies have been concerned with a com- 
parative examination of the terminal products of putative alleles in related 
species; however, in some cases, it has been possible to apply the genetic criterion 
of allelism. The data presented in this paper were obtained by the application 
of both criteria. It has been demonstrated that the genes which determine certain 
members of group-1, i.e., ch-1, or-1, ri-1, se-1 and probably hu-1, are borne on 
chromosomes exhibiting an antithetical relationship to each other. Consequently, 
it is presumed that the antithetically related chromosomes are related as homo- 
logues. Although it is possible that the gene or genes which determine the respec- 
tive cellular antigens ch-1, hu-1, or-1, ri-1 and se-1 are nonallelic and that their 
disposition on homologous chromosomes in the various species from which they 
have been derived is fortuitous, the data are more simply explained by assuming 
that the causative genes are alleles. It is proposed that the occurrence in other 
related species of cellular antigens exhibiting serological affinities to group-1 is 
at least suggestive evidence that these species also possess genes which are allelic 
to the genes which determine the respective members of the group-1 system. 
The inability to demontrate a group-1 antigen in a related species need not be 
interpreted as indicating the absence of the corresponding gene homologue in that 
species, Such an instance could arise if the homologous gene determined a cellular 
antigen with a specificity or specificities not detectable by available group-1 
reagents or if the homologous gene failed to determine the presence of any cellular 
antigen. The absence of an antigenic relationship between the cellular antigen 
ri-1 and the cellular antigens ch-1, hu-1, or-1 and se-1 arises, of course, from the 
procedure used to prepare reagents specific for the respective antigens ch-1, hu-1, 
or-1 and se-1. The fact that at least one anti-E serum, following absorption with 
the pooled cells of livia, retained the ability to agglutinate weakly the cells of 
risoria suggests that E may share serological properties with ri-1, however, this 
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need not be the case. Subsequent attempts to duplicate the reagent were not 
successful, presumably because the risoria-specific agglutinins were unstable and 
had been lost from the antiserum. 

Previous studies have shown that the cellular antigen E of guinea is antithetic- 
ally related to E’ of livia (MrLier and Bryan 1953). If either E or E’ is shown 
to be genetically related to the cellular antigens ch-1, hu-1, or-1, ri-1 or se-1 this 
would constitute evidence that both E and E’ are antithetically related to the 
group-1 system. Evidence could be obtained from the mating of an F,-livia/risoria 
(E’/ri-1) to a backcross hybrid homozygous for a group-1 cellular antigen, e.g., 
ch-1/ch-1. The progeny from this mating will share the antigen ch-1, while one 
half of the progeny will possess E’ and the remaining one half will carry ri-1. 
If E’ and ri-1 are determined by alleles they will appear as mutually exclusive in 
the progeny; if they are loosely linked or located on independently segregating 
chromosomes, E’ and ri-1 will not be mutually exclusive. Unfortunately, the F,- 
livia/risoria exhibits low fertility and the required progeny may be difficult to 
obtain. 

If ri-1 is antigenically related to E’, ri-1 agglutinins will be expected to occur 
in at least some anti-E’ reagents which are prepared by absorbing an anti-livia 
serum with the cells of backcross hybrids homozygous for E. The occurrence of 
anti-ri-1 agglutinins in an anti-E’ reagent will be supporting evidence that both 
E and E’ are antithetically related to the other members of the group-1 system 
which have been considered here. 


SUMMARY 

Backcross hybrids were obtained by mating to Streptopelia risoria the species 
hybrids and selected backcross hybrids from matings of S. chinensis, S. humilis, 
S. orientalis, and S. senegalensis to risoria. Similarly, backcross hybrids were 
obtained by mating to Columba livia the species hybrids and selected backcross 
hybrids from matings of C. guinea to C. livia. Cellular antigens of the erythro- 
cytes which distinguish each of these species from risoria and livia are determined 
either by single genes or by two or more closely linked genes. The following 
antigenic characters were considered: ch-1 of chinensis, hu-1 of humilis, or-1 of 
orientalis, ri-1 of risoria, se-1 of senegalensis and E of guinea. The six unit antigens 
have been collectively designated as belonging to the group-1 system. 

Following appropriate absorptions and hemagglutination tests, it was demon- 
strated that the cellular antigens ch-1, hu-1, or-1, se-1 and E constitute a serologic- 
ally cross reactive system. As a consequence of a combination of genetic and 
serological tests, it was shown that antigens ch-1, or-1, se-1 and probably hu-1 
are determined by genes exhibiting an antithetical relationship to the gene or 
genes which determine the formation of the ri-1 cellular antigen of risoria. It 
was concluded that since ch-1, hu-1, or-1 and se-1 are antithetically related to ri-1, 
they are also antithetical to each other. Other genetic evidence is presented which 
confirms this hypothesis. The inclusion of E into group-1 rests almost entirely 
upon the serological relationship of E to the other members of group-1 which have 


been described here. 
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